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THEORY  OF  A  TWO-PHASE  GAS-LIQUID 
EJECTOR  WITH  A  CYLINDRICAL 
MIXING  CHAMBER 

Yu.  N.  Vasil'yev 

INTRODUCTION 

A  gas-liquid  or  liquid-gas  ejector  is  a  two-phase  ejector  in 
which  a  liquid  enters  one  nozzle  and  gas  enters  another.  In  the 
general  case  the  process  of  mixing  the  working  bodies  in  a  gas- 
liquid  ejector  can  be  accompanied  by  phase  and  chemical  transforma¬ 
tions.  Ac  "he  ejector  outlet,  depending  on  the  physical  properties 
and  the  paraceters  of  the  state  of  the  gas  and  the  liquid,  one  of 
the  following  mixtures  can  be  formed:  one-phase  vapor-gas,  two- 
phase  vapor-gas- liquid,  three-phase  gas-vapor-liquid  with  solid 
particles,  or,  finally,  a  two-phase  gas-vapor  mixture  with  solid 
particles.  In  a  case  where  the  gas  is  dissolved  in  the  liquid 
a  single-phase  solution  of  gas  in  liquid  may  develop  at  tne  ejector 
outlet. 

At  the  present  time  there  is  no  general  theory  of  a  gas- 
liquid  ejector.  The  most  studied  case  is  that  of  a  vacuum  liquid-gas 
ejector  with  a  two-phase  gas-liquid  mixture.  This  ejector  has  been 
used  in  various  fields  of  technology  for  fifty  years.  A  great 
number  of  works  have  been  dedicated  to  it,  although  because  of  the 
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complexity  of  the  mixture-formation  process  and  the  uncertainty 
concerning  the  properties  of  the  gas-liquid  mixture  obtained,  it 
has  not  yet  been  possible  to  create  even  a  qualitative  theory 
for  this  ejector,  Existing  methods  of  calculating  a  liquid  vacuum 
ejector  (see  [2-^,  12,  13,  15,  16,  19~21])  are  empirical  and  can 
only  be  used  in  a  relatively  narrow  range  of  change  in  the 
parameters  which  describe  its  operation.  These  methods  are  not 
sufficiently  reliable  and  in  a  number  of  ceses  provide  rather 
deviant  results. 

Unsuccessful  attempts  to  create  a  theory  for  a  vacuum  liquid- 
gas  ejector  based  on  equations  of  the  conservation  of  mass,  energy, 
and  momentum  are  explained  by  a  number  of  autnors  by  the  fact  that 
the  mass  of  ejected  gas  in  such  an  ejector  is  thousands  of  times 
less  than  the  mass  of  the  ejecting  liquid  and  thus  cannot  noticeably 
influence  its  velocity.  This  idea  has  been  sc  convincing  that  it 
has  been  passed  on  unchanged  from  article-  to  article  (see,  for 
example,  works  [3,  12,  16]),  For  this  reason  the  theory  of  the 
liquid-gas  ejector  has  remained  virtually  undeveloped  in  recent 
years  and  all  efforts  have  been  directed  toward  the  study  of  the 
physics  of  the  phenomenon  (see  [5,  11])  and  the  creating  of 
constantly  improved  empirical  calculation  methods. 


Dedicated  to  the  theoretical  study  of  a  gas-liquid  ejector 
with  a  two-phase  gas-liquid  mixture  is  a  short  article  [17]  in  -which 
ejection  equations  are  derived  with  the  assumption  that  there  is 
no  heat  exchange  between  the  liquid  and  the  gas  and  in  which  the 
cut-off  regime  of  the  combustion  chamber  is  examined.  An  attempt 
was  also  made  to  develop  a  method  of  calculating  a  gas-liquid 
ejector  with  a  two-phase  gas-liquid  mixture  in  [163 .  Calculation 
equations  for  a  gas-liquid  ejector  binning;  the  parameters  of  the 
flows  in  the  inlet  and  outlet  sections  o*'  the  mixing  chamber  were 
obtained  by  the  authors  using  a  formal  trons -’ermation  of  gas  ejector 
equations  under  the  condition  of  an  incomvressible  ejector  medium. 
However,  this  simplified  method  does  not  give  full  consideration 


to  the  distinguishing  characteristics  q f  -fehc-  flow  of  a  two-ohase 
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mixture  formed  at  the  outlet  from  the  mixing  chamber,  and  thus 
the  obtained  equations  can  only  be  used  in  certain  particular  cases 
where  the  parameters  of  the  mixed  media  are  assigned.  In  the 
general  case  the  use  of  the  equations  of  [16]  might  lead  to 
erroneous  results.  In  particular  this  applies  to  the  calculation 
for  limiting  regimes  of  ejector  operation,  which  in  most  cases 
are  the  most  advantageous. 

The  present  article  presents  a  theory  on  two-phase  gas-liquid 
and  liquid-gas  ejectors  with  cylindrical  mixing  chambers  for  a 
case  where  a  two-phase  gas-liquid  mixture  is  formed  at  the  ejector 
outlet.  Ejection  equations  are  derived  which  show  the  connection 
between  the  flow  parameters  of  the  gas  in  the  liquid  on  the  nozzle 
edge  and  the  parameters  of  the  two-phase  mixture  in  the  outlet 
section  of  the  mixing  chamber.  Possible  operational  modes  for  an 
ejector  are  described  and  classified.  Possible  systems  are 
examined  for  the  flow  of  gas  and  liquid  in  the  nozzles  and  in 
the  initial  part  of  the  mixing  chamber  and  the  conditions  which 
connect  the  flow  parameters  in  different  regimes  are  found. 

The  ejection  equations  are  derived  under  the  assumption  that 
the  two-phase  gas-liquid  mixture  forming  in  the  ejector  is 
homogeneous  and  that  the  particles  of  liquid  and  the  gas  are  in 
thermal  and  mechanical  equilibrium.  The  article  does  not 
examine  the  problem  of  the  cases  in  which  practical  satisfaction 
of  these  conditions  would  be  possible. 

It  should  be  mentioned  that  the  proposed  theory  does  not 
enable  calculating  ejectors  in  which,  for  one  reason  or  another, 

(for  example,  because  of  insufficient  length  of  the  mixing 
chamber)  the  gas-liquid  mixture  does  not  satisfy  the  above  mentioned 
conditions.  However,  the  efficiency  of  such  ejectors  is  always 
lower  than  for  the  case  of  a  homogeneous  and  equilibrium  mixture. 
Thus,  using  the  equation  which  has  been  obtained  we  can  estimate 
the  limiting  characteristics  of  the  two-phase  ejector.  Comparison 
of  experimental  characteristics  with  limiting  theoretical 
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characteristics  lets  us  judge  the  degree  of  perfection  of  the 
studied  ejector  and  the  possibilities  of  improving  its  effective¬ 
ness.  Furthermore,  a  qualitatively  correct  description  of  the 
processes  which  occur  in  the  flow  part  of  the  ejector  enable  us 
to  take  direct  measures  in  improving  its  parameters. 

Testing  the  theory  using  a  vacuum  liquid-gas  ejector  as 
the  model  gave  encouraging  results  (see  article  £8]  of  this 
collection).  Methods  based  upon  it  enabled  a  substantial 
increase  in  the  efficiency  of  an  ejector.  In  this  case  the 
experimental  characteristics  of  improved  variants  of  the  ejector, 
which  provided  more  complete  mixing  of  the  flows  and  breaking 
of  the  liquid  jet,  were  in  satisfactory  agreement  with  theoretical 
characteristics  over  a  wide  range  of  variation  in  the  parameters 
of  the  gas  and  the  liquid. 

Calculations  made  from  theoretical  dependences  of  the 
present  work  indicated  that  just  as  in  gas  ejectors  with  high- 
pressure  drops,  the  most  advantageous  operational  regime  for 
vacuum  liquid-gas  ejectors  are  critical  regimes  in  wnich  the 
flow  of  the  two-phase  mixture  in  the  outlet  section  of  the  mixing 
chamber  is  supersonic.  Losses  in  the  direct  plane  shock,  which 
transforms  the  supersonic  flow  of  the  two-phase  mixture  into  a 
subsonic  flow,  comprise  most  of  the  losses  which  determine  the 
efficiency  of  such  an  ejector  in  limiting  critical  regimes  with 
the  expanding  diffuser  which  is  usually  used.  Thus,  it  was 
proposed  that  the  exoanding  diffuser  should  be  replaced  by  a 
supersonic  diffuser  with  a  throat,  in  which  damping  of  the 
supersonic  flow  in  the  two-phase  mixture  would  occur  in  systems 
of  angle  shocks,  cut  off  by  the  plane  shock,  with  much  lower 
losses.  This  idea  was  shown  to  be  correct  by  an  experimental 
test  on  a  series  of  vacuum  ejectors. 

In  this  case  the  total  pressure  of  the  mixture  at  the 
ejector  outlet  and  its  efficiency  increased  1. 5-2,0  times  (ser 
r8]).  Thus,  even  the  first  attempts  tc  use  the  results  of 
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this  work  enabled  a  considerable  increase  in  the  efficiency  of 
liquid-gas  ejectors  and  pointed  the  way  to  further  improvements. 
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CHAPTER  1 


GENERAL  PFr  DERTIES  OF  EQUILIBRIUM 
TWO-PHASE  G/tS-LIQUID  MIXTURE. 
CALCULATING  ONE-DIMENSIONAL 
FLOWS 


In  the  present  work,  as  we  have  already  mentioned,  we  are 
studying  a  gas-liquid  ejector  in  which  a  two-phase  gas-liquid 
mixture  is  formed  at  the  outlet  from  the  mixing  chamber.  In 
deriving  ejection  equations  and  calculating  the  flow  of  the 
obtained  two-phase  mixture  in  the  diffuser  the  following  assumptions 
were  made: 

1)  the  drops  of  liquid  are  equally  distributed  throughout 
the  entire  mixture,  and  their  dimensions  are  so  small  that  in 
tne  process  of  changing  state  they  are  in  thermal  and  mechanical 
equilibrium  with  the  gas; 

2)  changes  in  state  of  the  mixture  are  not  accompanied 
by  chemical  transformations; 

3)  there  is  no  mass  exchange  between  the  phases  (evidently 
the  mixture  satisfies  this  condition  if  tne  gas  contained  in  it 
does  not  dissolve  in  the  liquid  and  if  in  the  studied  range  of 
temperature  variation  the  saturation  pressure  of  the  liquid  is 
much  less  than,  the  pressure  of  the  gas); 
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4)  the  gas  is  ideal  and  its  physical  constants  do  not 
depend  on  temperature  or  pressure; 

5)  the  heat  capacity  and  specific  weight  of  the  liquid  do 
not  depend  on  temperature  or  pressure. 

2 

Now  we  introduce  the  designations :  p  -  pressure  per  kgf/m  ; 

o 

T  in  °K  and  t  in  °C  »  temperature}  y  in  kgf/rrr  -  specific  weight}  , 
p  ii  ■a 

p  in  kg*s  /m  -  density}  v  in  nrvkg  -  specific  volume;  i  in 

Cal/kg  -  enthalpy}  U  in  Cal/kg  -  internal  energy;  s  in  Cal/(kg  x 

x  deg)  -  entropy;  c  in  Cal/(kg*deg)  -  specific  heat  capacity 

(c  and  ev  -  specific  heat  capacities  under  constant  pressure  and 

volume,  respectively);  R  in  kgf ‘in/ (kg* deg)  -  gas  constant;  J  in 

2 

kgf*m/Cal  -  mechanical  equivalent  of  heat;  g  in  m/s  -  gravitational 

2 

acceleration;  G  in  kgf/s  -  per-second  mass  flow  rate;  f  in  m  - 
area  of  cross  section  of  stream;  W  in  m/s  -  velocity  of  flow; 
a  in  m/s  -  critical  velocity;  a  in  m/s  -  speed  of  sound; 

K 

X  *  W/aH  “  reduced  velocities;  M  *  W/a  -  M  number;  k  =  cp/cv  ** 
adiabatic  exponent;  K  »  G  /G  -  ratio  of  mass  flow  rates  of  gas 
and  liquid  in  mixture,  equal  to  the  ejection  coefficient. 

Quantities  with  the  subscript  ”c”  correspond  to  the  parameters 
of  the  gas-liquid  mixture;  quantities  with  subscripts  "r,"  "n," 
and  "jh,”  correspond  to  the  parameters  of  the  gas,  vapor,  and 
liquid.  Subscripts  with  ”0"  and  "s”  denote  the  parameters  of 
stagnation  and  saturation;  subscript  "k"  -  the  parameters  of  the 
flow  in  the  critical  section  of  the  channel,  where  W  =  a  =  a  . 

1.1.  Physical  Constants  and  Parameters 
of  State  of  the  Mixture.  Equation 
of  State 

The  properties  of  an  equilibrium  two~phase  gas-liquid 
mixture  under  the  assumptions  made  above  has  been  studied  in  a 
number  of  works  (see,  for  example,  [14]).  Thus,  in  this  article 
the  problem  is  not  thoroughly  examined;  below  we  present  only 
those  relationships  which  are  necessary  for  the  following 
analysis  of  the  work  of  the  ejector. 
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The  specific  heat  capacities  a~d  th-  adiabatic  exponents 
of  .  ie  studied  two-phase  mixture,  as  ~an  ’•  e  easily  der-  ostrated, 
•v.re  d..  ^rmined  as  follows: 


A’tfpr'^Cjic  , 


Cpc  K-fl 


r  _  j'  cv  r  •*•  ck  . 

vc~  K  —  1  ’ 


(1.1) 


(1.2) 


Cpc  KCp  r  -u  ^a. 
Cv  c  KCy  r  *T  fye 


(1.3) 


The  soecific  weight  of  the  mixture  found  from  the  obvious 


relationship : 


G*  I  Gr  _  Gc  ^ 
7x  7r  7c 


(1.4) 


which,  considering  equality 


Gc^Gr-h Gm=  G^iK^r  !}. 


leads  to  form 


(1.5) 


7r  7* 


(1.6) 


If  we  consider  that  the  specific  weight  of  the  liquid  d-^r 
not  depend  on  temperature  and  pressure,  while  the  specific 
weight  of  the  gas  is  determined  by  the  T^apeyron  equation 


Pc — ^?rYr^ci 


(1.7) 


then  from  equation  (1,6)  we  obtain  the  equation  of  state  of  a 
two-phase  gas-liquid  mixture: 


M1"  7«<*  +  »]  K-r\R'*U' 


(1.8) 


FTD-MT-24-  ’  6t>  r-/d 


If  we  introduce 


<iao) 

Equation  (1.10)  is  distinguished  from  the  equation  of  state 

of  an  ideal  gas  with  gas  constant  R  only  by  the  presence  of  the 

c 

term  y  /[y  (K  +  1)],  which  is  equal  to  the  relative  volume  of  the 
c  w 

liquid  in  the  mixture  V  ./V  .  In  the  case  of  gas  concentrations 
which  are  not  very  low  and  relatively  low  pressures  the  volume 
of  liquid  is  not  great,  and  thus  the  behavior  of  the  studied 
two-phase  mixture  is  very  close  to  that  of  an  ideal  gas  with 
gas  constant  Rc>  For  example,  for  a  water-air  mixture  at 
K  >  0.05,  p„  <  2  kgf/cra2,  and  T  =  288°K  error  in  determining 
p  and  y  without  considering  the  volume  of  the  liquid  contained 

U  u 

in  the  mixture  does  not  exceed  *1,5%. 


From  equation  (1.9)  using  equations  (1.1),  (1.2),  and  (1.3), 
and  considering  that  an  ideal  gas  is  subject  to  the  Meyer 
equation 


we  find 


(Cp  T — Cv  r) , 


(1.11) 


.  (1.12) 

*c 

Thus,  it  follows  that  the  studied  two-phase  mixture  is  also 
subject  to  the  Meyer  equation,  and,  consequently,  its  internal 
energy  does  not  depend  on  pressure  and  volume. 


. vis . . . . . 


Ip  a  g'._  ^er-.-rif.  ■ '  Torn,  the  equation  of  state  of  an 
equilil  *•■  a  -.-lieu i-'  fixture  I"  written  a.~  follows; 


u'Pc  (IT-  _  d  fe 
Pc  Tf  1c 


The  specific  internal  energy  of  p  two-phase  mixture  under 
she  above  assumptions  is  determined  by  the  obvious  relationship 


Vc  —  £r  cT'e't  c.ii«- 


(1.1*0 


where  U  is  a  certain  initial  value  of  the  internal  energy 

C  •  H 

at  temperature  T  .  Since  in  the  calculations  we  are  always 
dealing  with  an  energy  difference,  then  quantity  U  is  eliminated, 
and  for  the  sake  of  convenience  we  can  assume  that  U  =  0. 

u  •  H 

Then  from  equations  (1.1*1)  and  (1.2),  if  we  consider  that 

U  =  c  T  and  U  =  c  T  ,  we  get 
r  vrc  w  wc*  & 


U  e — cv  c7*e  — 


Kut  +  :•* 


(1.15) 


The  specific  enthalpy  of  the  mixture  equals; 


U.16) 


Thus,  If  we  use  relationship  (1.10),  (1.12)  and  (1.15),  we  find 


C  p  eT  c  X 


1) 


(1.17) 


The  dependence  of  the  internal  energy  of  the  mixture  on 
temperature  has  the  same  form  as  for  an  ideal  gas,  while  equation 
(1.17),  which  is  determined  by  the  enthalpy  of  the  rlxture, 
contains  a  term  which  depends  on  pressure,  which  we  do  not  have 
in  the  analogous  equation  for  an  ideal  gas.  It  should  be  mentioned, 
however,  that  in  most  cases  of  practical  interest  the  values  of 
the  second  term  in  equation  (1,17)  are  very  low  and  can  be  ignored. 


. . . . . . . . . . . * . 


Thus,  for  example,  for  water**air  mixtures  at,  any  value  of  ratio 

2 

G  /G  or  pressure  p  <10  kgf/cm  the  difference  between  the 
actual  enthalpy  of  the  mixture  and  value  c  T  does  not  exceed 

u  u  U 

0.3?. 


1.2,  Isentropic  Process  of  State  Change. 

..'seed  of  Sound  in  the  Mixture 

The  change  in  state  of  the  studied  two-phase  mixture  occurs 
in  internal  equilibrium,  and  thus  its  entropy  can  be  represented 
as 


Tedse=*dUc+~-  ptdv  c. 


(1,18) 


If  we  transform  this  equation  by  means  of  relationships 
(1.10),  (1.13), and  (1.15),  we  get 


-  (-M  p 

— -• 


Te  1*(K  +  0 

Hence,  considering  relationship  (1.12),  we  get 


‘  +s'-“ 


.Te  1m(K 
»c 

rJLin—i-1-4 


c 

l  ,  Pc  +*«.<+ 7->n^e, 


(1.19) 


(1.20) 


where  s„  „  is  the  integration  constant. 

w  «  H 


From  equation  (1.20)  it  follows  that  in  the  case  of  an 

isentropic  change  in  state  of  the  mixture  p  ,  y  and  T  are  linked 

c  c  c 

by  relationships: 


Tel 

TeS 


Pel 

1 


Tel) 


T»(«-H) 


1 


T*(K  +  1) 


(1.21) 

(1.22) 
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▼ 


The  speed  of  sound  is  determined  by  equation 


a-=(d  p! d p)j-C0IWf 


substitution  of  which  in  equation  ( 1 . It )  provides 


(1.23) 


l  i- 


f  ffR&cTc  Pc  f  g*c 

7c  ,7c  | /  c 

‘  + 1) 


(1.24) 


Hence  it  follows  that,  unlike  the  ideal  gas,  the  speed  of  sound 
in  the  studied  two-phase  mixture  for  the  given  composition 
depends  not  only  on  temperature,  but  on  specific  weight  and 
pressure.  As  the  relative  volume  of  the  liquid  l/*/V'c»Yc/[Y*<(K+l)] 
tends  to  zero,  which  for  the  given  composition  corresponds  to  the 
case  of  pc  ♦  0;  the  speed  of  sound  in  the  mixture  tends  to  the 
value  corresponding  to  the  speed  of  sound  in  an  ideal  gas,  whose 
adiabatic  exponent  and  gas  constant  are  equal,  respectively,  to: 
<c  and  Rcj  when  Vw/Vc  -**  1,  when  the  volume  of  the  gas  in  the 
mixture  tends  to  zero,  the  speed  of  sound  in  the  mixture  rises 
to  infinity. 


f 


I  ! 

-  I 
* 

l 


As  an  example  Pig.  1  shows  curves  representing  the  change  in 

the  speed  of  sound  in  a  two-phase  water-air  mixture  as  a  function 

of  ratio  Gr/Gw,  calculated  from  formula  (1.24)  for  several  values 

of  pressure  at  a  temperature  of  T  =  2?$°K.  Curves  c  =  0  eorre- 

c  c 

sponds  to  the  speed  of  sound  in  an  ide--'1  -as  when  k  =  k  and 

r  c 


Ij.  we  examine  Fig.  1  we  see  that  when  p^  =  0  with  a  decreased 
gas  content  the  speed  of  sound  in  the  mixture  decreases  steadily 
from  340  m/:  when  K  =  10“  to  0  m/s  when.  K  =  10  -  and  continues  to 
decrease  with  a  further  drop  in  K  =  G/G  .  Thi •  is  explained  by 
the  fact  that  with  a  decrease  in  K  the  adiabatic  exponent  of 
the  mixture  “ends  to  unity,  while  Rq  tends  to  zero.  In  a  range 
of  change  o"  coefficient  K  from  103  to  iO-1  and  mixture  pressure 
from  zero  to  5  kgf/cm2  the  speed  of  sound  in  the  mixture  practically 


"  . . . * . * . . . . 


coincides  with  ;he  speed  of  sound  in  an  ideal  gas  (curve  p  =  0). 

With  an  increase  in  pressure  when  K  =  const  the  speed  of  sound 

in  the  mixture  rises  steadily.  Thus,  for  example,  when  K  =  0.01 

2 

with  an  increase  in  pressure  from  zero  to  10  and  to  100  kgf/cm 
the  quantity  a_  rises  accordingly  from  28  m/s  to  63  and  360  m/s. 
Curves  a  (K)  when  p  =  const  and  T  =  const  have  a  minimum, 
which  with  an  increase  in  pressure  moves  toward  greater  values 
of  K. 


mixture  depending  on  ratio  G  /G  . 

■  Hi 

Designations?  m/obh  ■  m/s*,  Kf/cM2  =  kgf/cm2. 


8 


1 


1.3.  Calculating  One-Dimensional  Plows 
cl  'i  Mixture  Without  Losses 


Let  us  examine  the  established  f'Low  c~  the  equilibrium  two- 
phase  mixture  in  a  stationary  channel  of  variable  suction  with 
heat-insulated  walls,  which  was  described  above.  According  to 
the  assumption  of  mechanical  equilibrium  for  the  components  of 
the  mixture  we  will  consider  the  velocity  of  the  gas  and  the 
liquid  in  any  section  of  the  channel  to  be  equal.  Then,  for  the 
sake  of  simplicity,  we  will  assume  that  there  are  no  losses  in 
total  pressure  of  the  mixture  as  it  flows  in  the  channel. 


1.3.1.  General  Case  of  the  Plow 

The  equation  of  the  conservation  of  energy  for  the  studied 
flow  is  written,  as  we  know,  in  the  form  of 


const, 
2  c/ 


(1.25) 


from  which,  if  we  consider  relationship  (1.17)  and  introduce 
stagnation  parameters,  we  get 


/7*(K  +  1) 


(1.26) 


For  assigned  flow  parameters  in  the  studied  channel  section 
equation  (1.26)  lets  us  find  the  stagnation  enthalpy  of  the 
mixture.  To  determine  p„n  and  T  n,  in  addition  to  ecvation 
(1.26),  we  must  use  the  condition  of  isentrooicifcy  (s  =  s  ), 

*  C  J  C  7 

which,  as  follows  from  relationship  (1.21),  give1-  xc 


PcO_(Tto\'-- 
Pc  \  Tc  j 


(1.27) 


If  we  substitute  relationship  (1.27;  ir  (1.26),  we  get  the 
equation 


c  T  (&2\  <c  I  Pe  Pe0  — 
pCZKpJ  +/7»<*+U  Pc 


(1.28) 


1 


. . . . . . . . .  jii;  £  l  j" ,  j  jlfli 


whose  solution  provides  the  thought  value  pcQj  TcQ  is  then 
found  from  relationship  (1,27). 

From  equation  (1,26)  it  follows  that  as  the  two-phase  mixture 
flows  in  a  stationary  channel  with  heat-insulated  walls,  when  the 
stagnation  enthalpy  remains  invariable,  the  stagnation  temperature 
can  change.  Quantity  TcQ  when  icQ  =  const  remains  unchanged 
only  in  the  case  of  an  isentropic  flow,  when  total  pressure 
remains  unchanged. 


Let  us  find  the  parameters  of  state  in  a  critical  section 
of  the  channel,  in  which  the  velocity  of  the  flow  is  equal  to 
the  local  speed  of  sound.  If  we  assume  that  Wc  =  ac  =  ac  , 
then  from  equation  (1,26),  using  relationships  (1.10),  (l!24), 
and  (1.27),  we  get  the  following  equation  for  determining  static 
pressure  p  in  the  critical  section; 


*c 

2/?cr« o 


AoA  *c  for  *«  -c££ 

«0  \Pc.J  l  P, 

V"* 

+Jc  T  (PL£\'e  - SS - 

'  \P*I  P cO  T*<*  +  1) 


Pc.tt  Pa 
Pc o  T*  (K  + 1) 


(1.29) 


After  determining  PCtK,  from  relationship  (1.27)  we  find 
Tc.k»  and  then  we  determine  WC>K  »  a^  according  to  formula  (1.24), 
From  equation  (1.29)  it  follows  that  for  assigned  physical 
properties  in  a  two— phase  mixture  critical  drops  in  pressures 

^c./PcO3  and  temperatures  <TC.K/Tc0)  depend  on  the  stagnation 
parameters  TcQ,  pc0. 

In  conclusion  let  us  give  the  calculation  order  for  the 
isentropic  flow  of  the  studied  gas-liquid  mixture  for  several 
cases  where  the  original  parameters,  encountered  in  studying 
ejector  characteristics,  are  given.  The  physical  constants  of  the 
mixture  will  in  this  case  be  considered  known. 
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I.  The  parameters  of  state  and  the  velocity  of  the  mixture 
in  channel  section  3  with  section  area  f.,  are  stiver. .  We  find  the 
parameters  of  stats  and  the  velocity  of  'he  mixture  in  channel 
section  2  with  cross-section  area  f^. 

1)  From  relationships  (1,26),  (1.27),  and  (1.28),  we  find 
the  stagnation  parameters  of  the  mixture  (-cg*  Pcq»  T  g). 


2)  If  we  solve  equation 


(  rc!Wci  yrflTto  /  Feb  y*  i  ~2 

{  f~  '•  l  Pc?  \  Pc-:  ’  ■  7a  (K~  ')  J 

0  ,  r  r,  (_pci_  \  *«  1 .  gg£a  . . , 

"  1  “  l  PC  I  1-AK  !1  A*.  /  ' 


(1.30) 


which  is  obtained  from  equation  (1.26)  ...  '.ng  the  equation  of 
the  conservation  of  mass 


=*  Te:/ejtf\j.  (1.31) 

we  find  static  pressure  pc2. 

3)  Trom  formulas  (1.27),  (1.10),  (1.31),  and  (1.2*0  w^ 
calculate  Tc2,  y_,2>  Wc2*  and  ac2*  after  which  we  determine  the 
number  M  _  =*  W 

Equation  (1.30)  gives  us  two  values  for  pressure  pc2*  The 
lesser  of  these  values  corresponds  to  the  supersonic  flow  of  the 
mixture,  the  greater  -  to  ih~  subsonic.  In  a  case  where  the 
area  of  the  cross  section  of  the  channel  either  rises  steadily 
or  decreases  steadily,  the  supersonic  root  is  realized  only  when 
M  ,  >  1,  and  the  subsonic  -  when 


< 


II.  The  stagnation  parameters  of  the  mixture  and  the  area 
of  the  outlet  section  of  the  contracted  channel  are  given.  We 
find  the  dependence  of  the  flow  rate,  the  parameters  of  state, 
and  the  outflow  velocity  for  the  mixture  on  pressure  at  the  edge 
of  the  channel. 


If  we  solve  equation  (1.29)  we  find  p^  ,  which  corresponds 

win 

to  the  shut-off  regime  of  the  channel,  after  which  we  find 

T  ,  y  .  and  W  *  a  from  relationships  (1.27),  (1.10)  and 

(1.24). 

2)  We  assign  a  series  of  values  p„  in  a  range  from  p  to 
pc0  and  from  formulas  (1.27)  and  (1.10)  we  find  the  values  of  Tc 
and  yc  which  correspond  to  them. 

3.'  Let  us  find  the  outflow  velocity  cf  the  mixture 


after  which  we  determine  the  flow  rate  of  the  mixture  and  number  M  . 

c 


III.  We  assign  the  stagnation  parameters  of  the  mixture  and 
the  areas  of  the  critical  and  outlet  sections  of  the  supersonic 
nozzle.  We  find  the  parameters  of  state  and  the  velocity  of  the 
mixture  in  the  outlet  section  of  the  nozzle  under  its  rated 
operational  mode. 


1)  According  to  point  (1)  of  problem  II  we  find  the  quantities 

*C.H»  TC.K*  and  WO.K- 

2)  Further  calculation  is  according  to  points  (2)  and  (3) 
of  problem  I. 
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1.3.2.  Liquid  Volume  in  Mixture  is  bmall 
in  Co.r.Darison  to  Gas  Volume 

If  the  volume  of  the  liquid  in  the  mixture  is  negligibly 
small  as  compared  to  the  gas  volume,  then  the  equation  of  state 
(1.10)  is  reduced  to  the  same  form  that  it  has  for  an  ideal  gas  : 


pc~  Rc^cTc- 


(1.33) 


The  same  thing  happens  with  equations  (1.17),  (1.21),  (1.22), 
and  (1.24),  which  are  written  as  follows: 


cpcTc' 


Pc 2  _ Vt  — />^c?ye‘~l  . 
Pc  I  1 1c\J  \~c 


ac—  V  sr 


(1.3*0 


(1.35) 

(1.36) 


Equation  (1.26)  is  reduce  to  the  form 


“^T^pc^c — Cp<X  cc  ■*'eC-’ 


(1.37) 


from  which,  using  (1.36),  we  find  the  critical  speed  of  sound 


(1.38) 


If  we  introduce  the  reduced  velocity  X  =  W  /?.  ,  then  from 

C  C  C .  H 

the  relationships  of  (1.37),  using  formulas  (1.33)  and  (1.35), 
we  get  the  known  gas-dynamics  functions: 

7(0=f  =  ) 

Tco  -r  1  I 


Cl. 39) 


/ 


■  “*  '  ...  "  '  1  . . " . 


which,  together  with  functions 


(1.40) 

(1.41) 


enable  us  to  greatly  simplify  the  calculations.  The  quantity 

A  ,  which  is  contained  in  these  equations,  can  vary  from  zero 
c 

to  Xc otm^  •  When  Ac  =  1  from  equations  ( 1 . 39 )— ( 1 . ^1)  we 

get 


(1.42) 


1.3.3.  The  Amount  of  Liquid 
in  the  Mixture  is  Very  Great 


This  case  is  characteristic  for  a  vacuum  liquid-gas  ejector, 
in  which  the  mass  flow  rate  exceeds  the  mass  flow  rate  of  the  gas 
(K  »  10’3-10"5)  by  several  orders.  In  this  case  the  temperature 
of  the  mixture  as  it  flows  in  a  channel  of  variable  section 
remains  virtually  unchanged,  and  thus  the  flow  can  be  regarded 
approximately  as  isothermic  (Tc  ■  TcQ  =  const). 


The  equation  of  state  (1,10)  of  a  two-phase  mixture  can  be 
written  for  the  studied  case  as  follows : 


t >M 

K+  1 


w*.ri 

He  ] 

?*(*  +  !>  J 

b, 


(1.43) 


where 


b—RcTo**  const 


(1.4l») 
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For  the  speed  of  sound  we  obtain,  expression  (1.24)  under 


condition  Tq  =  const  the  following  expression: 


-/ft 


(1.-45) 


According  to  the  first  law  of  thermodynamics, heat  2,  which 
is  conducted  to  the  flow  through  the  wall  of  the  channel  in  the 
segment  between  sections  1-2,  equals: 


u„~ua +.  yJrf)?  +j-ipav„- 


(1.06) 


In  the  case  of  an  isothermic  flow  T  =  T  , ,  and  thus  accord¬ 
ed  cl 

ing  to  relationship  (1,15)  we  have 


Vtt — i/ci~0. 


If  we  use  equation  (1.43),  then  we  get 


(1.47) 


Pei—Pe\ 

h*(K  -- 1) 


(1.48) 


All  of  the  heat  which  is  conducted  to  the  working  body  in 
the  studied  isothermic  process  is  spent  in  producing  work,  and 
thus  we  can  write 


ftu— y  J  Pcdvc, 


from  which,  using  equation  (1,43),  we  get 


ft, *7 

J  Pa 


(1.4 9) 


If  we  consider  expressions  (1.47),  (1.48),  and  (1.40),  ancj 
the  fact  that  according  to  our  assumption  thex’e  are  no  losses  in 
total  pressure,  we  reduce  the  equation  of  the  conservation  of 
energy  (1.46)  to  the  following  form: 


15 


§+ito*-+TJ^=§+staA’+ 


f - £s2—  =6Inp«o+ 

'  v  4.  n  ■ 


Pi a 


»  /t'i.n 


*  const. 


(1.50) 


If  the  velocity  values  and  the  parameters  of  state  are 
assigned  in  a  certain  section  of  the  channel,  equation  (1.50) 
will  let  us  find  the  total  pressure  of  the  mixture.  Quantity  yc0 
is  then  determined  according  to  formula  (1,43). 


The  critical  speed  of  sound  ac  ^  in  an  isothermic  llow  Is 
found  from  equation  (1.50),  which  when  Wc  =  a.Q  *  aCtM  is  reduce 
using  relationships  (1.43)  and  (1.45), to  the  form  of 


A+tto[v.(/C+l)(/f 


Oc.K—  *)]  + 
PcO 

UlK  +  V  * 


(1.51) 


After  we  have  determined  the  critical  velocity ,  then  from 
expression  (1.45)  we  find  the  ratio  PCiKACiK>  and  then  from  equation 
(1.43)  we  determine  the  static  pressure  and  the  specific  weight 
of  the  mixture  in  the  critical  section  of  the  channel. 


From  equation  (1.50)  we  find  the  following  expression  for 
determining  the  outflow  velocity  of  the  mixture  from  the  nozzle 
at  an  assigned  ratio  of  values  Pc/Pcq{ 


2  g  b  2n  + 


- fi - &.VJ . 


(1.52) 


Let  us  assign  the  calculation  order  of  an  isothermic  flow 
of  the  mixture  in  a  channel  without  losses. 


Let  the  phvsical  constants,  the  parameters  of  state,  and  the 
velocity  of  the  mixture  in  section  1  of  the  channel  wit  se  ;ti  • 
area  f^  be  assigned.  We  find  the  flow  parameters  of  the  mixture 
in  section  2  of  the  channel  with  section  area  f?. 

1)  If  we  solve  equation 

1  f  Tc  '  rt/cl  [ ^  _ Pa 

‘4?  \  Pa  fa  L  {K  + 1) 

-4+‘h*+-s£kr-  <1-53> 


r 


4-  b  In  p.  i  + ' 


Pa 


VAK+l) 


then  we  find  static  pressure  p 

2)  From  equation  (1.43)  we  find  the  specific  weight 
of  the  mixture  y^. 

3)  From  equation  (1.31)  we  determine  the  velocity  of  the 
mixture  W^. 

1.4.  Relationships  for  a  Plane  Shock 


Let  us  assign  the  relationships  which  determine  the  parameters 
of  the  flow  for  a  plane  shock  developing  in  a  supersonic 
two-phase  flow  mixture.  Subscripts  "1"  and  "2’'  denote  flow 
parameters  in  front  of  and  behind  the  shock,  respectively. 

1.4.1.  General  Case  of  the  Flow 


From  the  equation  of  continuity,  considering  that  f  =  f  = 

Cl  C  t. 

*  f,  ,  we  have 


(1.54) 


w::s.-re  »  Pciwci  is  the  per-second  mass  flow  rate  of  the  mixture 
through  a  unit  of  the  area. 
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(1.55) 


The  equation  of  momentum  for  sections  1-2  gives  us 


Pcj-A— mWc3, 

where  h  =  mW  ,  +  p  , .  If  we  use  relationships  (1.5*0  and  (1.55), 
cl  cl 

the:,  from  equation  Cl.  10)  we  find 


r  h—mWet  f  Wg  '  i  _1 

ci~  gRc  I"  e*(K  + 1)  J 


(1.56) 


If  from  the  equation  of  conservation  of  energy  (1.26)  we 
exclude  quantities  pc2  and  Tc2,  then  using  expressions  (1.55)  and 
(1.56) ,  we  get 


(1.57) 


from  which  we  obtain 


VTF+ 


r _ _ L  teL+. 

*J  *c  +  1  l  » 


C*(/f  +  D 


_ Q«(*+l) _ 

-2  (*e+l>  [i^ir+(x“lkyieoj}  *  ( 1  •  58) 


After  we  have  determined  the  velocity  of  the  mixture  Wq2 
behind  the  plane  shock,  then  from  relationships  (1,5*0,  (1.55), 
and  (1,10),  we  find  the  values  of  pc2,  pc2,  and  Tc2*  Then, 
from  equation  (1,2:4)  we  find  the  speed  of  sound  ac2  and  number 


Mc2  =  Wc2/ac2’ 


Stagnation  parameters  Tcq2  and  Pc02  behind  the  shock  are 
found  from  equations  (1,27)  and  (1.28)  from  known  values  of  pc2. 


Tc2,  and  Wc2. 


1.4,2,  Case  of  a  Relatively  Large 
Gas  Content  in  Mixture 


In  the  case  where  the  volume  of  the  liquid  in  the  mixture  is 
very  small,  the  two-phase  gas-liquid  mixture  can  be  regarded  as 


/ 


. . . . suit' . I . . . . . . 


’^'-•al  gas. 

itermined 

The  parameters  of  '  r  flow  beyond  tn-? 
in  this  case  by  known  ^elationsh'ps* 

p  “  *-»  p  r 

r=  1 ; 

(1.59 

„  9  f*el)  . 

”c02  PcOl  _  n 

1  Pci) 

(1.60) 

b 5 

II 

C* 

(1.61) 

1.11.3.  Case  of  Isothermic  Plow 

This  case  was  examined  thoroughly  in  [13], 


From  the  equation  of  the  conservation  of  mass  we  have 


Yd^Yci 


Wei  ’ 


from  which,  if  we  use  expression  (1.^5),  we  find 


(1.62) 


Pd^Pti 


Mci 

Mc2  ‘ 


(1.63) 


where 


M c=\Vt/ae.  " 

If  we  transform  the  equation  of  momentum,  which  is  wr.l* 
in  the  form  of 


QtnWlt— ctl^,a=pc,  _  PtSt  {!.(■■■) 

by  means  of  expressions  (1.^5)  and  (1.63),  then  by  introducing 

the  number  M  ,  we  get 
c 

.Mci.Mci  Puj _ ~^cl  Pt\ _ j _ Mci 

t  7ei  ~  .Mcj  ’ 
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from  which,  after  simple  transformations,  we  get 


t. 


(1.65) 


If  we  substitute  this  expression  in  relationship  (1.63),  we  find 


(1.66) 


Prom  expression  (1.43),  using  (1.66),  we  get 

Ye2  + 


(1.67) 


The  speed  of  sound  beyond  the  plane  shock,  as  easily 
demonstrated,  equals: 


PdMjj  +4t*(^C'+  !) 
Ptl  +  hm  (K  +  1) 


(1.68) 


In  conclusion  we  note  that  all  relationships  obtained  in  this 
chapter  will  also  be  correct  for  the  flow  of  a  two-phase  gas 
mixture  and  for  rather  small  solid  particles. 
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CHAPTER  2 


EJECTION  EQUATIONS 

2.1.  Ejector  System  and 
Basic  Assumptions 

The  studied  ejector  system  is  shown  n  Fig.  2. 

The  gas  is  supplied  to  the  mixing  cr.amber  through  a  convergent 
subsonic  or  a  divergent  supersonic  (dashed  lines)  nozzle,  the 
liquid  -  through  a  convergent  nozzle.1  In  the  mixing  chamber, 
which  is  cylindrical  in  shape,  a  homogeneous  two-phase  gas-liquid 
mixture  is  formed,  which  flows  out  of  tfl«  ejector  through  a 
subsonic  divergent  diffuser  or  a  supersonic  diffuser  with  a 
throat  (dashed  lines).  The  mutual  arrangement,  the  number,  and 
the  shape  of  the  cross  sections  of  the  nozzles  can  vary. 

Tr.e  flow  parameters  of  the  gas  and  the  liquid  in  the  inlet 
section  of  the  mixing  chamber,  which  coincides  with  the  outle1- 
sections  of  the  nozzles,  are  denoted  by  the  subscript  "1,"  the 
parameters  of  the  mixture  in  the  outlet  sections  of  the  mixing 

lThe  liquid  nozzle  in  a  case  where  pressure  on  its  edg^  in  a 
rcsed  operational  ejector  regime  is  less  than  saturation  pressure 

can  also  be  a  divergent-supersonic  nozzle. 
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chamber  and  the  diffuser  by  subscripts  ”3”  and  Subscripts 

"2"  and  "k"  denote  the  parameters  of  the  gas  and  liquid  jets  in 
the  shut-off  section  of  the  mixing  chamber  and  in  the  cx-itical 
section  of  the  supersonic  gas  nozzle,  respectively. 


(1)  (2)  (3) 


Pig.  2.  Ejector  system. 

KEY:  (1)  Nozzles,  (2)  Mixing  chamber; 
(3)  Diffuser;  (4)  Liquid;  (5)  Gas. 


As  the  basic  geometrical  ejector  parameters  we  use:  coeffi¬ 
cient  a,  which  is  equal  to  the  ratio  of  areas  of  the  outlet  sections 
of  the  gas  (frl  in  m2)  and  liquid  (fwl  in  m2)  nozzles  (a  =  frl/fwl); 

coefficient  6,  which  is  equal  to  the  ratio  of  the  total  end 

o 

area  of  the  nozzles  (6  in  m  )  to  the  area  of  the  cross  section 

2  — 

of  the  mixing  chamber  (F  in  m  )  (6  *  6/F),and  the  relative  area 
of  the  critical  section  of  the  supersonic  nozzle  (f*  *  f_  u/f_, ) . 

Losses  in  the  nozzles  and  the  diffuser  of  the  ejector  are 
described  by  the  values  of  the  pressure  recovery  coefficient 


Vru-T21:  W 
Aon 


A«oi  ..  ,,  _  AQ« 

- - »  VM,*— ” 

AnOn  Att 


(2.1) 


In  deriving  the  ejection  equations  we  make  the  following 
assumptions  and  limitations:  1)  the  walls  of  the  nozzles,  the 
mixing  chamber,  and  the  diffuser  do  not  conduct  heat;  2)  there  is 
no  friction  on  the  wall  of  the  mixing  chamber;  3)  the  flow  in 
the  nozzles  and  diffuser  is  one-dimensional;  4)  the  mixing 
process  is  mechanical  and  is  not  accompanied  by  chemical  conversion; 
D  the  gas  is  ideal  and  does  not  dissolve  in  the  liquid  and  its 
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physical  constants  (.c^  r,  cv  tcr)  do  not  depend  on  temperature 
or  oressure;  6)  the  heat  caoacity  and  the  specific  weight  of 
ihe  liquid  in  the  mixture  do  not  deoend  on  temperature  or 
pressure;  7)  in  the  outlet  section  of  the  mixing  chamber  a 
thermodynamically  and  mechanically  equilibrium  gas-vapor-liquid 
mixture  is  formed,  in  which  the  vapor  content  is  negligibly  sma1!; 
o)  the  ejector  axis  is  horizontal. 

It  should  be  mentioned  that  the  absence  of  vapor  is  assumed 
only  for  the  flow  of  the  mixture  in  the  outlet  segment  of  the 
mixing  chamber  and  in  the  ejector  diffuser.  In  the  initial 
segment  of  the  mixing  chamber  partial  evaporation  of  the  liquid 
is  possible;  the  flow  of  liquid  in  the  nozzle  can  be  accompanied 
by  evaporation. 


2.2.  Deriving  Ejection  Equations 

In  order  to  determine  the  parameters  of  state  and  the  velocity 
of  the  mixture  in  the  outlet  section  of  the  mixing  chamber  we 
solve  the  equations  of  the  conservation  of  mass,  momentum,  and 
energy  together,  assuming  in  this  case  that  the  parameters  of 
the  velocity  of  the  gas  and  the  liquid  in  the  Inlet  section  or 
the  mixing  chamber  are  known. 

The  inlet  section  of  the  mixing  chamber  coincides  with  "the 
outlet  sections  of  the  nozzles,  and  thus 


(2.2) 


Prom  the  equation  of  the  conservation  of  mass  for  the  inlet 
and  outlet  section  of  the  mixing  chamber 


GcS“  Gr4i+  G*m  “  Gm.n  (K+ 1 ) 


(2.5) 


we  get 


'Yes 


FW  « 


(2.6) 


In  the  general  case  the  flow  of  liquid  in  the  nozzle  can  be 
accompanied  by  evaporation.  In  this  case  a  moist  vapor  flows  from 
the  nozzle.  This  is  a  two-phase  vapor-liquid  mixture,  whose 
state  parameters  and  velocity  are  denoted  by  the  subscript  "n.m." 
The  amount  of  steam  in  this  mixture  is  described  by  x  =  G/Gm  _  = 

=  G_/(G_  +  G  ) .  which  is  called  the  degree  of  dryness  or  the 
vapor  content.  When  x.^  *  0  a  liquid  flows  from  the  nozzle  whose 
parameters  are  narked  by  the  subscript  "w,"  and  when  x  =  1  -  dry 
saturated  or  superheated  vapor,  whose  parameters  are  marked  as 
"h."  The  ejection  equations  obtained  below  are  valid  for  all 
of  these  cases,  and  thus  to  abbreviate  the  writing  the  parameters 
of  the  stream  at  the  edge  of  the  liquid  nozzle  are  indicated  by 
"n.w. " 


From  equation  (2.6),  if  we  use  the  relationship  (2.3)  and 
the  obvious  relationship 


0*.v  —  Yn.*I^’n.*l/n.: 


*1» 


(2.7) 


we  have 


Yes  — 


(I  —  &) (K  •4»«)  Tn.wl^ n.n.1 

(a4"  1)  W  (3 


(2.8) 
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^rT’fOn'lH.JBt^tl.wl  Y:i.*l®V.illl  y  faAr  ~  !)  '^i^Vo*  * 


wnere 


Proi  *Prt.ivP|h. 

The  equation  of  momentum  for  the  inlet  and  outlet  section? 
of  she  mixing  chamber  can  be  represented  in  the  form  of 


h, _ Iw  .  4_. 

Pr'.ftVl  \ 

w  C3 

& 

v> 

* 

T  1  \ 

O'r.n  / 

-L.  1  Ap  , 

P«.Dt\/niK 

\  •  I 

ZP'fifa  +1) 

J  K  *t*  i  Ip. 

-»)* 

is  pressure  at 

the  end 

of  the 

nozzles , 

(7  i  *  '■ 

v  C  ♦  ij. 


If  we  Introduce  the  designations 

«r,  =  tt^rl  (>Tt* 


Nji.*!  “  W#.*!  + 


2xr 

Pr.wlg 


.Kt 


/i,  =  ££1 

1 8  Tn.acl^ir.iKl 


(2. If) 
(2.1?,) 
(2.1- 


and  solve  equation  (2.11)  with  respect  to  the  pressure  of  the 
fixture,  we  get 


lKn«  ~n"-^  -«1  -(/f n  «■; ;. 


(2.15) 


. . . . . . . . . . . . 


Static  pressure  p^,  which  is  contained  in  (2.14),  and 
represents  static  pressure  in  the  stagnant  region  formed  near  the 
dull  edges  of  the  nozzles,  can  be  assumed  in  the  first  approxima¬ 
tion  to  be  equal  to  the  static  pressure  at  the  edge  of  the  gas 
nozzles  in  a  case  where  A  ^  <  1,  or  equal  to  the  pressure  at 
the  edge  of  the  liquid  nozzle  when  Ar^  >  1,  while  pwl  <  Psl* 

The  total  pressure  of  the  liquid  at  the  edge  of  the  nozzle  is  equal 


P* 01  — 

4 

The  temperature  of  the  mixture  T^  is  found  by  usi r.r;  equations 
(2,8)  and  (2.15)  from  the  equation  of  state  for  a  two-phase  gas- 
liquid  mixture  (1,10)  s 


5tH’+ 


<  [(a  -f- 1)  (Knr\  +  fln.iKi-W»i)+  (A* -5- 1)  (1—s)  W„.mtYPe3 _ 

(AT  4-1)  (a-r  1) 

.  (Kllrl+  Hil.ml  -4-  fl|)(l  —  l)  n.;y|  1 

(K  +!)(<*+ 1)  J* 


(2.16) 


To  determine  with  the  help  of  the  equations  (2.8),  (2.15), 
and  (2.16)  the  parameters  of  state  of  the  mixture  from  known 
parameters  of  the  gas  and  fluid  at  the  inlet  to  the  mixing  chamber 
we  must  know  the  velocity  of  the  mixture  Wc3,  Quantity  Wc3  is 
found  from  the  equation  of  the  conservation  of  energy.  This 
equation,  with  equation  (1.26)  considered,  can  be  written  in  the 


form  of 


where 


IT4, 


gPa 

VAK+\) 


i £^eOJ*  (2,1 1  ) 


I  —  :  _ //  i  P/i. w  r  7’  1  ;  P*&*. 

*rtn  —  *:pr‘r0tt»  **0n —  w»0ht"  .  *.h  •  .  * 


no  *• 


t‘r* 


_f  we  use  the  relationships  of  (2.15)  and 
eo cation  (2.17)  we  get 


Wt^l~  \>P-2it.  (2.18) 

where 

l _ *c  (Q  —  ■$•/>!)•<•  (‘  —  ‘hA' 

(*c  +  i)  («+i)  (K-D  '  u.iy; 

(/ - j[  ~  l){Kltr\  +/>ll,iKl+  »i)  Wn.Xl  *C  —  i  f; 

(*c  ~  1)  (u -M)  (K  +  !)  "r  r.  1 *  ‘3’  (2.2fi) 


while  the  quantities  <c,  K,  npl,  np  ml,  and  icQ  are  determined 
from  (1.3) ,  (2.10),  (2.12),  (2.13),  (2.14),  and  (2.17). 


Formula  (2.18)  gives  two  velocity  values  for  the  mixture  in 
the  outlet  section  of  the  mixing  chamber  at  assigned  parameters 
of  state  and  velocity  of  the  gas  and  the  liquid  at  the  edge  of 
the  nozzle.  The  lower  of  these  values  corresponds  to  the  subsonic 
(W”^  <  a”^)»  the  greater  -  to  the  supersonic  (VP^  >  a^)  ^ow 
the  mixture.  In  a  case  where  the  radicand  expression  in  formula 
(2.18)  reverts  to  zero,  the  velocity  of  the  mixture  is  equal  co 
the  critical  speed  of  sound  (W^  =  a^  =  aK  cg).  In  the  following 
chapter  we  will  discuss  the  problem  of  when  a  certain  flow  is 
realized. 


2.3.  Approximate  Calculation 
of  Mixture  Parameters 


2.3.1.  Volume  of  Liquid  in  the  Mixture 
is  Negligibly  Small 

In  cases  where  the  volume  of  the  liquid  in  the  mixture  is 
small  in  comparison  to  the  volume  of  gas,  the  mixture,  as  we  have 
already  indicated,  can  be  regarded  as  an  ideal  gas  with  physical 
constants  C  ,  C  ,  k  ,  R  ,  which  are  determined  according  to 
formulas  (1.1),  (1.2),  (1.3),  (1.9).  The  equation  of  stace  of 
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the  Mixture  (1 . 1C)  is  in  this  case  reduced  to  the  form  of  (1.33), 
while  the  heat;  content  and  the  speed  of  sound  are  determined  by 
(1.34)  and  (1.36). 

Here  the  critical  speed  of  sound  is  written  in  the  form  of 
(1.33),  where  the  static  parameters  of  the  mixture  are  bound  to 
the  stagnatJ  ;n  parameters  of  the  relationship  of  (1.39). 

The  parameters  of  the  mixture  at  the  ejector  outlet  are  in 
this  case  calculated  as  follows. 


1)  By  means  of  relationships  (1.1),  (1.3),  (1.9),  (2.10), 
(2.12),  (2,13),  (2.14)  and  (2.17)  we  find  the  quantities 

°p  c>  Ko<  Rc«  K<  nrl*  Vml*  nl  and  1c03* 


2)  We  find  the  stagnation  temperature 

1 _ :  ^03  _  1 


'  Tc03~  cp c  *  Cpe  (K  +  1)  lKeptT t6K  +  i^ 


(2.21) 


and  the  critical  velocity  of  the  mixture. 

3)  We  determine  the  reduced  velocity  of  the  mixture  from 
the  equation  of  momentum  (2,11),  which  is  reduced  to  the  form  of 


from  which  we  get 


Ktlr\  +  +  tli 

Z(XC3)=*C+1  «,.«<*+■»)  ’ 


(2.22) 


(2.23) 


The  plus  sign  in  front  of  the  root  gives  us  the  supersonic  velocity 
value  (A^  >  D*  and  the  minus  sign  -  the  subsonic  (A^  <  1) 
velocity  value  of  the  mixture. 
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From  the  equation  cf  the  cons rrva4;iovi  of  mass  (2 .5'. 
by  introducing  the  reduced  veioc icy  of  the  Mixture  3f\d  the. 
’tarnation  parameters,  we  find  the  two  vg/u^s  of  total  pressure, 
of  tue  mixture  ( P qq 3  and  Pc03^  out^t  from  the  mi^'np- 

chamber. 


Pc®  "  <*+ 1)  flei) 

(1  —  Vj  {K  *t  1)  TfiMKl^n.ml  1  /  (vc  •"  !)  RcTdft 
(a-u  l)9(Xc3)  K  2.«fv.c 


(2.24) 


and  at  the  outlet  from  the  diffuser 


Pc04  =>  V4,3pc()3* 

5)  Using  the  relationships  of  (1.39)  we  find  T^»  ^03*  "Y A-** 
Pq3»  Pq3»  and  then  the  velocity  values  of  the  mixture 

Wc3  and  Wc3»  which  correspond  to  the  supersonic  and  the  subsonic 
flows  of  the  mixture. 


2.3.2.  The  Part  by  Weight  of  the  Gar¬ 
in  the  Mixture  is  Low 


In  this  case  the  flow  of  the  mixture  can  be  regarded  as 
isothermic.  The  temperature  of  the  mixture  for  pressures 
which  are  not  too  great  can  be  f round  from  equation 


T^T 


c03s 


<dl3 


Cpc  ®pc(^  *h  1) 


7  U^Cp  r^rtlii  TL«0ii]> 


C*.^) 


if,  however,  Tr0H  and  T^  H  differ  only  slightly,  then  we  can 

assume  that  T  _  =  T  =  T 

c3  c03  w.h 


If  from  equation  (2,15)  we  exclude  p  -  by  using  expressions 

c  j 

(1.10)  and  (2.8),  then  after  simple  transformations  we  get 
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from  which  we  have 


(2.27) 


where 


.  (a+l),AAi+(l  — t)(A(  +  . 

2  (a  +  1)  (AC  1)  ■ 


d 


(l  —  ^AAiTTn.Md 

(AC +  1)  (0+1) 


N j = Kn, i  -f +«i‘» 
&=/?cTc. 


(2.28) 

(2.29) 

(2.30) 

(2.31) 


The  relationships  of  (2.27),  (2,28),  and  (2,29)  can  also 

be  obtained  directly  from  expressions  (2.18),  (2.19),  and  (2.20) 

under  the  condition  that  k  =  1  and  i  =  c  T  n . 

c  cO  p  c  cO 


2.4.  Estimating  Ejector  Efficiency 


The  efficiency  of  gas-liquid  (pw0h  <  PrQH)  and  licluid-gas 
(pw0H  >  P|~0h ^  eJectors  can  be  described  by  the  efficiency, 
which  is  equal  to  the  ratio  of  useful  work  to  work  spent: 


Ario.ieJK 

—  *  1  ■"  • 

Isitp 


(2.32) 


Depending  on  what  we  understand  as  useful  and  spent  work, 
different  expressions  are  possible  for  determining  ejector 
efficiency.  Let  us  examine  the  most  interesting  of  them. 


\  )j(  r 

1)  Adiabatic  efficiency  of  a  liquid-gas  ejector  na^  . 

In  this  case  the  useful  work  is  the  work  of  adiabatic  compression 
of  the  gas  from  Initial  total  pressure  Pr0H  to  the  total  pressure 
of  the  mixture  pcQ: 


^bojmh — OfJCp  rT  rOtt 


(2.33) 
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work  spent  is  the  work  of  expanding  the  lieu*"  rrom  the  ' 

total  pressure  Pwqh  to  the  total  pressure  of  t-e  mix':  -  c  -■ 


L  =s0  ~ 

^34rp.  U'M 


Pa cQk  —  Pff J 


.(2.  ^) 


If  we  substitute  these  expression.-  ''or  L  and  1 

*  no^aaH  aaTp 

equation  (2.3 2),  then  we  get 


^x.r 


.  n*.cptTmK  -1 

_  .Vjtfron/ 


L'Pmi 
P) «0k  —  /?c0 


(2. 3D) 


2 )  Adiabatic  efficiency  of  gas-liquid  ejector  ‘ W . 

,Tseful  and  spent  work  in  this  case  we  determine  by  relationship 


/  —n  PcO  . 

^no^ean  —  '  • 

7su 

v-n 

4,rp ^qjcptta»  i-(^)  **  , 

VPrSii/  J 


(2.36) 


\  W .  /  ; 


whose  substitution  in  equation  (2.32)  g'ves  us 


pg—pxfm 


/C;jr7*Kr,g* 


VPrOK' 


V^1‘ 


<  '  '  3  « 


3)  Isothermic  efficiency  of  llcuid-gas  ejector  tv  ^  . 

In  a  number  of  cases  (for  example,  in  ejecting  very  hot  gas  by  a 
large  quantity  of  liquid)  the  most  convenient  results  are  provided 
by  an  estimate  of  the  effectiveness  of  the  liquid-gas  ejector 
using  the  isothermic  efficiency,  which  is  equal  to  the  ratio  ->f 
useful  work  of  isothermic  compression  of  the  gas  from  pressure 

Pf-On  t0  Pressure  Pc0 


^=W-«o^b 


(2.39) 
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to  the  work  spent  in  expanding  the  liquid  from  pressure  PwgH 
to  pressure  Pcq>  which  is  determined  according  to  formula  (2.34). 
If  we  use  expressions  (2.39),  (2,34),  and  (2.32),  we  find 


2,muKRrT'0loz-^- 

K.r  Aon 

= — 


P*0*  —P  ‘0 


(2.40) 


p  }H 

4)  Isothermic  efficiency  of  gas-liquid  e.lector  • 
tseful  work  in  this  case  is  determined  by  formula  (2.36),  and  work 
spent,  by  relationship 


7-coln^'.  (2.41) 

The  isothermic  efficiency  of  the  gas-liquid  ejector  is  equal  to: 

r>5f« - tarJOB. -  (2.42) 

2, 303iMWcO  108*^7* 
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CHAPTER  3 


CALCULATING  PLOW  IN  THE  NOZZLES 

The  equations  obtained  above  enabLe  us  to  find  the  parameters 
of  a  gas-liquid  mixture  at  the  outlet  from  the  ejector  provided 
that  the  parameters  of  the  gas  and  the  liquid  in  the  inlet  section 
of  the  mixing  chamber  are  known.  However,  to  calculate  the 
characteristics  of  an  ejector  these  equations  are  not  enough.  Vie 
must  find  additional  conditions,  which  bifid  the  parameters  of  the 
flows  in  the  inlet  and  outlet  sections  or  the  nozzj.es  and 
consider  their  interaction  in  the  initial  section  of  the  mixing 
chamber.  These  conditions  depend  on  -fche  operational  /node  of  the 
ejector  and  can  vary  substantially. 

3.1.  Calculating  Parameters  of  a  Gas 
Plow  on  the  Nozzle  Edge 

3.1.1.  Convergent  Nozzle 

The  efficiency  of  the  convergent  nozzle  is  usually  described 
by  the  velocity  factor  <J>  1h,  which  is  equal  to  the  ratio  of 
gas  velocities  on  the  edge  of  the  nozzle  for  real  and  ideaJ 
isentropic  flows  for  the  same  ratio  of  static  pressure  ppl  on 
the  nozzle  edge  to  total  pressure  PrgH  at  the  inlet  to  the  nozzle 
(see,  for  example,  [1]){ 
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Wr\  _  ^ 

(3.1) 

For  the  nozzles  which  are  generally  used  in 

ejectors  we  can 

assume  4>rlH  =  0,98^0,99. 

At  a  given  ratio  of  pressures  the  quantities 

X  ,  and  X  , 
rl  tIha 

can  be  found  from 

(i 

(3.2) 

(3.3) 

while  the  coefficient  of  pressure  recovery,  which  describes  losses 
in  the  nozzle,  is  determined  from  formula 


_ Prt)l  _ P 

*u~  pm  * 


(3.4) 


In  a  shut-off  regime,  whe.»  X^  =  1,  this  formula  has  a 
conditional  nature,  since  the  geometry  of  real  and  ideal  nozzles 
will  be  different.  Actually,  when  X  x  *  1,  as  follows  from 
expression  (3.1),  Vina  >  1 *  and  thus  ideal  nozzle  must  be 
divergent . 


Total  pressure  losses  in  the  convergent  nozzle  in  a  shut-off 
regime  are  described  by  quantity  vrl(|  ,  which  is  determined  by 


( 1— ~-\1  * r“ 1 
[  2  y  +  1  ?rj,  JJ  pT  (l) 


(3.5) 


where 


p(— 

\  trl"  /  y  *r  +  1  J 


(3.6) 


The  flow  of  gas  through  the  convergent  nozzle  is  determined 
by  formula  (2.9),  where  Pr01  at  an  assigned  value  of  $rlH  is  found 
by  means  of  (3.4)  or  (3.5). 
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2.1.2.  Divergent  Nozzle 


The  ilvergent  gas  nozzle  at  an  assigned  relative  area  of  vie 
critical  action  f  *  f  /f  , ,  depending  on  the  ratio  of  si  a  <• 
pressure  p  in  the  medium  into  which  the  i-^eam  flows  to  total 
pressure  p  n  at  the  nozzle  inlet,  can  opei-ate  in  three  substantial 
different  regimes*,  1)  when  the  flow  in  the  divergent  part  of 
the  nozzle  is  supersonic  when  (X  ,  *  A  >  l)j  2)  when  the  flow 
i-  the  divergent  part  of  the  nozzle  is  partially  supersonic  and 
partially  subsonic  and  where  the  transition  from  the  supersonic: 
region  of  the  flow, which  borders  the  critical  section  of  the 
nozzle. into  the  subsonic  region,  stretching  to  its  outlet  section, 
occurs  in  shocks  (Ar  K  =  lj  Ar^  <  1  );  3)  when  the  flow  over  the 
entire  length  of  the  nozzle  is  subsonic  (X  <  1;  X  .  <  1). 

The  coefficient  of  pressure  recovery  in  the  supersonic  nozzle 
can  be  represented  in  the  form  of  the  product  of  coefficients  of 
pressure  recovery  in  its  convergent  (v  1  and  divergent  ( v_,  ) 
parts : 


V.  —  -Prtl  .  Prtte  PrOl  _ 

_  „  „  — vr.K,Hvr*K* 

PrOx  Pt 0*  PtO k 


(3-7) 


The  efficiency  of  the  convergent  part  of  the  nozzle  can  be 
described  by  =  *r  ./V.k.ha’  Then  Vh.h  is  dete™ined  by 


1  7m  ’ 


where  reduced  velocity  A^  u  Is  found  from  formula 

r  .  k  . 


(3.3) 


PtO*  \  *rfl  / 


(3.9) 


In  shut-off  regimes  in  a  supersonic  nozzle,  when  X  =  1, 

r  i  h 

we  have 


k-  -_fxr+:/l  V— 2  1  Yl*,.-! 

I  » (l  ttracj  Mir- 


(3.19 
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Now  let  us  introduce  the  relationships  which  determine  the 
parameters  of  the  flow  on  the  edge  ,of  the  divergent  supersonic 
nozzle  for  all  regimes  mentioned  above  (see  [7]). 

Supersonic  flow  regime.  This  case  is  the  most  interesting, 
since  it  corresponds  to  the  most  advantageous  operational  regimes 
for  a  gas-liquid  ejector. 


The  efficiency  of  the  divergent  part  of  the  nozzle  in  this 
case  can  be  described  by  the  quantity 


from  which  we  get 


V.p  “  l  . 

■  '■  —  > 

^r.p.KS~  1 


(3.11) 


^r.p — (^r-p  1)*  (3*12) 

The  magnitude  of  the  ideal  reduced  outflow  velocity  from  the  super¬ 
sonic  nozzle  A  „  >  1.  which  is  contained  in  (3.11)  and  (3.12), 

r  •  p  •  Mfl 

is  found  from  formula 


(3.13) 

where  q(A)  is  the  gas  dynamic  function,  which  is  determined  by 
(1.40), 

The  coefficient  of  pressure  recovery  in  the  divergent  part 
of  the  nozzle  in  the  case  of  a  supersonic  gas  flow  can  be  found 
from  relationship 


Vi  I'Wfr.K 

T  **  f  0T.p)  ?  (^r.p) 


(3.14) 


If  we  consider  (3.10)  and  (3.14),  then  from  equation  (3*7)  for 
the  studied  case  we  get 


36 


/ 


,  .  7 r.'JtP  ) 

_ *r  t  '  Wr.K.ii  ' 

rlK-p~  2  7  f>-r.P)  ’ 


where  A  Is  found  with  the  aid  of  (3.12)  and  (3.13). 

•”  .  D 

The  velocity  coefficient  of  the  divergent  part  of  the  super¬ 
sonic  nozzle,  which  has  rather  smooth  contours,  can  be  assumed 
in  the  first  approximation  to  be  equal  to' 0.97-0.98. 

In  a  one-dimensional  study  the  calculation  system  for  ‘ne 
flow  in  the  supersonic  nozzle  is  realized  by  changing  pressure  d 
in  the  surrounding  space  from  zero  to  a  certain  limiting  value 


Pi ip  —  AonvrlH.p^r.(<'7  (^r.p)  ^  f  ■,  )  ’ 


(3.16) 


corresponding  to  the  case  where  on  the  nozzle  edge  there  develops 
a  plane  shock,  in  which  the  change  in  gas  parameters  is  described 
by  known  relationships:  *ri*r2  =  1  and  ?r02/,,pr01  s  q^  Vl^/q^r2^  * 

Mixed  flow  regimes.  These  regimes  develop  at  pressures  in 
the  surrounding  medium  which  exceed  the  limiting  pressure 
determined  by  (3.16).  The  coefficient  of  pressure  recovery  in 
the  divergent  nozzle  in  this  case  is  uniquely  determined  by 
■ie  magnitude  of  the  reduced  outflow  velocity 


'Vl"  P{lr TrJ)qQ.ty 


(3-17) 


where  Ar1  can  vary  froir  Apl  max  =  1/Ar  to  Arl  min,  determined 
by  the  relationship 


*(W)«*rO)^(>*n,m<l)- 

vr!x.a 


The  mganitude  of  vrlH  contained  in  expression  (3.18)  is  the 

coefficient  of  pressure  recovery  in  the  divergent  part  of  the 

nozzle  for  a  subsonic  flow  in  the  case  of  A  =1. 

r .  k 
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The  maximal  value  of  the  pressure  in  the  surrounding  medium, 
at  which  the  studied  flow  system  is  still  obtained,  is  determined 
by  the  relationship 


Putt  —  Pt\  m«x — 


*f  -f 1 
2 


7*  ftrl  min) 
1  min 


(3.19) 


Subsonic  flow  regimes  of  gas  in  divergent  nozzle.  In  this 

case  the  pressure  recovery  coefficient  in  the  nozzle  can  be  found 

from  formula  (3*7),  where  v_  „  u  at  assigned  values  of  4>  „  and 

A  is  determined  from  (3.8),  while  the  value  v  ,  is  found 
r . k  *  rlK 

from 


A*rOx““  PtQl — Cl* 


(3.20) 


from  which  we  get 


vri* — 1  ~  %r  +  l  C  3  •  2 1 )  ! 

where  ClK  is  the  resistance  coefficient  of  the  divergent  part 

of  the  nozzle  when  A  <  1,  which  is  determined  experimentally.  i 

; 

3.2.  State  Parameters  and  Speed  of  Sound  j 

in  a  Two-Phase  Vapor-Liquid  Mixture  j 

j 

i 

When  gas-liquid  and  liquid-gas  ejectors  work  in  limiting  or  j 

near  limiting  regimes  (see  below)  the  static  pressure  of  the  j 

liquid  in  the  nozzle  and  in  the  initial  part  of  the  mixing  j 

chamber  in  some  cases  drops  below  saturation  pressure  p  and 
the  liquid  begins  to  boil.  In  this  case  a  two-phase  vapor-liquid 
mixture  is  formed,  which, depending  on  the  concentration  of  vapor, 
can  be  either  a  mixture  of  liquid  and  fine  vapor  bubbles  or  a 
mixture  of  vapor  and  fine  droplets,  or,  finally,  a  type  of  foam 
formation.  In  calculating  the  flow  of  such  a  mixture  we  will 
assume  that  it  is  also  in  a  state  of  thermodynamic  and  mechanical 
equilibrium  and,  consequently,  the  velocities  and  temperatures 
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■  f  .e  particles  of  vapor  and  liquid  are  he  -.rr  at  a  y  point 
('hf'  p-s  sure  of  the  vapor  is  assumed  equal  t  the  saturation 
pressure  above  the  plane  phase  contact  surface) .  The  parameters 
of  the  cor.pont*  t  contained  in  the  mixture  (the  boilin  •  "*'.qu'd 
and  the  dry  sa':u;;.ed  vapor)  can  be  found  under  the  ass  a~.pt  I  on 
which  we  have  taxen  by  using  the  thermody  amic  tables  (see,  for 
example,  [9]). 


The  parameter-  of  state  of  the  studied  vapor-liquid  mixture, 
which  is  saturated  vapor,  are  determined  by  the  following 
relationships  (see,  for  example,  [6]): 

(3.22) 


(3.23) 

(  3 . 2h  ) 


where  v’,  i’,  s*,  and  v" ,  i”,  and  s"  are  the  specific  volumes, 

the  enthalpies,  and  the  entropies  of  the  bailing  liquid  and  dry 

saturated  vapor,  respectively ;  x  *  G  / (G_  +  G  )  is  vapor  content. 

n  w 


The  speed  of  sound  In  the  studieo  equilibrium  vapor- liquid 
mixture  can  be  determined  from  (1.23),  ykich  is  reduced  to  the 
form  of 


*  /i—  esntt 


<  3 -2r 


r 


If  here  we  substitute  the  expression  found  in  [10]  for  the 
derivative  ( then  we  get 

h"  con»t 


On.x  \rRTj 


'  l  r  K  \<rr  t  ji 


l 


(3.26) 


do*  ,,  .  dv>\ 


where  r  is  the  latent  heat  of  vapor  formation. 


V 
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The  speed  of  sound  in  the  boiling  liquid  during  the  transition 
from  the  moist  vapor  region  (x  0)  to  the  boiling  liquid  is 


equal  to; 


Yuri 


Y  (V-V)T  ■ 


(V-v’)  Tds'  _  dv'l 

-  dT~  dT  J 


(3.27) 


For  dry  saturated  vapor  (x  1)  we  have,  respectively, 

v*  Vgrl _ 


Q-n.nU 


mds'  ,  dr  r  1  dif  \ 
(v*  — r  Y  dT  +  ft  ~  T  \~  dTf 


(3.28) 


Derivatives  dv"/dT,  dv»/dT,  dr/dT,  and  ds'/dT,  which  are 
contained  in  these  expressions,  are  approximately  determined  as 
the  ratios  of  final  increments  in  quantities  Av’!,  Av’,  Ar,  As’ 
to  the  increment  in  temperature  AT  by  means  of  the  saturated-vapor 
tables.  Since  quantity  p  and  T  for  saturated  vapor  are  uniquely 
bound  to  each  other,  then  the  speed  of  sound  ao  is  a  function 
of  only  two  independent  parameters,  for  example,  T  and  x. 


The  dependences  a  (t)  when  x  *  const  for  a  moist  water  vapor, 
calculated  from  formula  (3.26)  by  means  of  tables  [9]  when  At  =  1°, 
are  shown  in  Fig.  3.  If  we  compare  Fig.  3  to  Fig.  1  we  see  that 
the  dependences  of  a„  (x)  when  p  *  const  and  t  =  const  differ 
substantially  from  the  dependences  of  the  speed  of  sound  a  in  the 
gas-liquid  mixture  by  the  relative  concentration  of  gas  in  it. 

As  the  gas  content  decreases  with  p  =  const  and  t  =  const, 

quantity  a  first  decreases  to  a  certain  minimal  value,  then 

rises,  and  when  K  +  0  it  tends  to  infinity,  at  the  same  time  that 

quantity  a  decreases  monotonically  with  a  decrease  in  the 
n.w 

vapor  content,  and  when  x  +  0  it  reaches  a  certain  minimal  value, 
which  depends  on  t  or  p. 

During  the  transition  from  the  region  of  moist  saturated 

vapor  to  the  liquid  region  the  speed  of  sound  rises  Intermittently 

from  a  '*■0,  which  Is  determined  by  (3.27),  to  a  value  corre- 
n.w  * 

sponding  to  the  speed  of  sound  in  the  liquid. 
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Fig.  3.  Dependences  of  speed  of  sound  in 
moist  saturated  water  vapor  on  temperature 
when  x  =  const. 

Desiganticn*.  M/ ce«  «  m/s. 

It  should  be  mentioned  that  because  of  the  presence  of  pares 
dissolved  in  the  liquid,  which  might  be  liberated  in  the  case  of 
a  pressure  decrease,  and  also  in  connect  .on  with  the  fact  tha 
in  a  rapid  pressure  change  (which  occurs,  for  example,  durin---  . 
flow  of  a  spontaneously  evaporating  liquid  in  a  nozzle  or  d‘  e 
the  processes  of  evaporation  and  condensation  will  be  delaye  and 
the  actual  values  of  the  speed  of  sound  in  the  satux-ated  vapor, 
particularly  in  the  transition  region  between  vapor  and  liquid 
(x  -*•  0)  and  the  reverse  transition,  might  differ  noticeably  from 
the  values  found  from  formulas  (3.26)  and  (3.27). 


3.3.  Calculating  Liquid  Plow 
in  a  Nozzle 

3.3.1.  Convergent  Nozzle 

As  the  liquid  flows  from  the  convergent  nozzle  two  cases 
are  possible;  1)  when  pressure  p1  at  the  edge  of  the  nozzle 
exceeds  saturation  pressure  Cp,  >  p  5  and  2)  when  p,  <  p_ 

Case  1.  In  this  case  the  liquid  in  the  nozzle  does  not 
evaporate.  If  its  compressibility  can  be  ignored,  then  the 
outflow  velocity  from  the  nozzle  is  determined  according  tc 
formula 


^*1 — ?kc1h^*1iw  —  ?*1h  V  ^B^nXPxBt  Part'.  .  (3*29) 

where  <Phu»i=WWW,i„Iha  is  the  velocity  coefficient. 

Total  pressure  and  temperature  on  the  nozzle  edge  can  be 
found  from 


P*oi-P*QH  [“■  0  (3.30a) 

T'ikI  ”{■  (Pro*.''" (  3 . 30b  ) 

'«x7sk 

If  the  temperature  of  the  liquid  is  close  to  its  value  at 
the  critical  point,  then  condition  v  =  const  becomes  roughly 
approximate.  At  the  assigned  parameters  of  state  of  the  liquid 
at  the  nozzle  inlet  and  static  pressure  at  its  edge,  the  outflow 
velocity  is  found  with  the  aid  of  the  i-s  diagram  from  formula 

‘^*1  ==  ?j<c1h  T'  (3*31) 

Then  we  determine  the  enthalpy  of  the  liquid  on  the  nozzle  edge: 

*xtl “ (1  (  3 . 32  ) 


i|2 


the  specific  weight  yw1»  and  entropy  s^.  Total  pressure  Pw01 
on  the  nozzle  edge  can  be  found  with  the  tables  according  to  the 
values  of  iw01  -  iw0H  and  sw01  =  swr 

Case  2.  In  this  case  in  the  outlet  section  of  the  nozzle  - 

between  section  s,  where  the  pressure  of  the  liquid  becomes  equal 

to  saturation  pressure  (p  =  p  ) ,  and  the  outlet  section  of  the 

w  s  s 

nozzle  1  spontaneous  evaporation  of  the  liquid  occurs.  The 
outflow  velocity  of  the  vapor-liquid  mixture  is  determined  by 
relationship 

~  (^*0h  ~  Ai.dtlti*)  ~ 

(3.33) 


from  which  we  get 


4.*1  “  0  ~  T*Ih)  ‘wOm  (3.3*0  < 

J 


The  value  of  1  ,  which  is  contained  in  these  expressions 

I")  •  W  J.HjQ 

at  assigned  values  for  the  state  parameters  of  the  liquid  at  the 
nozzle  inlet  and  static  pressure  in  its  outlet  section  is  found 
by  the  aid  of  the  saturated- vapor  tables  from  condition  sn#wlMiq  “ 
*  sw0h  *  whlch  gives  us 


in.ulnn  ~  *i  "Mim  (<[-»  i'x)  “  i\  4* 


s*0h  —  -''i 


*! 


*1 


*:)• 


(3.35) 


i 
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The  vapor  content  of  the  mixture  is  determined  from 


t 

j 


Xl—  [(l—*P*iM)  ^aiOii  (3.36) 

after  which,  according  to  formulas  (3.22)  and  (3.2*0  the  quantities 

v_  ,,  and  s  .  are  calculated, 
n.wi  n .ml 

In  cases  where  the  compressibility  of  the  liquid  in  a  range 
of  variation  from  Pw0h  to  po  can  be  ignored,  expression  (3-33) 
is  reduced  to  a  more  convenient  form  for  calculation; 


*3 

■v 


iflfcii'-.iji'toiiii  till 'jft  ill!!  Ml 


where  the  magnitude  of  VL  is  determined  according  to  formula 

s 


^  =  (3.38) 

Quantities  i  and  ?u  u  .  contained  in  these  expressions, 

represent  the  enthalpy  and  pressure,  respectively,  of  the  boiling 
liquid  in  nozzle  section  s  flowing  without  losses  (T  =  T  ) , 

W  S  Hf  •  H 

As  the  pressure  decreases  in  the  medium  into  which  the  stream 
of  liquid  is  ejected  from  the  value  p  «  Pwqh  a  cer^ain  minimal 
value,  the  outflow  rate  and  the  flow  rate  of  the  liquid  rise 
steadily  and  theiv  values  can  be  found  from  the  condition 


P  =  Pwl  *  Finally,  when  p  =  pfflin  the  convergent  nozzle 

becomes  cut  off:  a  further  decrease  in  pressure  in  the  surrounding 


medium  from  Pm^n  to  zero  no  longer  results  in  an  increased  flow 

rate  of  liquid  or  a  change  in  the  parameters  of  the  flow  on  the 

edge  of  the  nozzle.  Depending  on  the  total  pressure  of  the  liquid 

pwOh  at  the  when  T  H  *  const  three  shut-off  regimes  are 

possible  for  the  liquid  nozzle;  1)  when  p1  pgl  the  outflow 

rate  is  equal  to  the  speed  of  sound  in  the  liquid  (Wwl  «  awl); 

2)  when  px  *  pg(?  the  velocity  of  the  liquid  on  the  edge  of  the 

nozzle  is  greater  than  the  speed  of  sound  aR  wl(x*0)»  3)  when 

Pj_  <  Pg  H  Phe  outflow  velocity  of  the  vapor-liquid  mixture  is 

equal  to  the  speed  of  sound  in  it  (tf  .  =  a  . ) . 

n • wx  n, wi 

In  the  first  case  of  shut-off  the  fluid  flows  along  the 
entire  convergent  nozzle.  Since  the  speed  of  sound  in  the  liquid 
is  very  great,  then  this  case  is  realized  at  extremely  high 
pressures  of  the  liquid  at  the  nozzle  inlet.  For  example,  the 
speed  of  sound  in  water  under  normal  atmospheric  conditions  is 
equal  to  aw  =  1^3  m/s.  If  we  substitute  this  value  of  the  velocity 
of  the  liquid  in  the  equation  of  energy  conservation,  we  find 


r 


/w- 10000 -f  =  1,065 -10"  lcgf/m2  =10650  kgf /cm2  . 

The  maximal  flow  rate  of  the  liquid  is  found  in  this  case  from  the 
relationship 

Gaax^YHdflwi/wi" 


The  studied  shut-off  case  is  realized  at  values  of  Pw0h  which 
exceed  Pw0I»  at  which  the  conditions  Ww1  =  awl  and  pwl  =  pgl 
are  simultaneously  fulfilled. 


In  the  second  shut-off  case  the  liquid  also  flows  over  the 
entire  length  of  the  nozzle.  Its  velocity.  If  we  ignore  the 
temperature  change  in  the  liquid  due  to  friction,  can  be  found 
from  formula  (3. 3D  or  from  relationship  (3. 3D  when  H 

=  i*.  The  maximal  flow  rate  of  the  liauid  is  determined  in  this 

H 

case  by  relationship  6  *  y  W  f  At  the  assigned  temper¬ 


ature  of  the  liquid  T  in  front  of  the.  nozzle  this  shut-off 

W  9  H 

case  is  possible  at  values  of  Pw0h  which  range  from  Pw0i  to 
PjhOII*  at  which  the  outflow  velocity  Of  the  liquid  from  the 
nozzle  W  ,  becomes  equal  to  the  limiting  value  of  the  speed 
of  sound  in  the  vapor-liquid  mixture  when  x  -*•  0.  The  value  of 
pmOII  when  vw  =  const  depends  only  on  the  physical  properties 
in  the  temperature  of  the  liquid  and  can  be  found  from  the 
obvious  relationship 


•  O 


(3.39) 


where  the  speed  of  sound  an  w(x^.q)  found  from  formula  (3.27). 

It  is  interesting  to  note  that  Kh «h  Pw0I  >  pwQh  >  pw0II 
<  pressure  in  the  stream  of  liquid  on  the  edge  of  the  nozzle 
.<•  >.:-•!*  decreased  counterpressure  cannot  drop  lower  than  saturation 
pressure  p,,  by  a  finite  value,  sine*  the  flow  on  the  edge  of 
the  nozzle  becomes  supersonic  (WH{  >  «n>wl(x^0)^  an  the  slightest 
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amount  of  vapor  is  developed  and  perturbations  can  no  longer 
penetrate  into  the  nozzle. 

In  the  third  shut-off  case,  when  p  ^  <  Ps  H »  a  stream  of 
moist  vapor  is  ejected  from  .the  nozzle.  Evidently  this  case  can 
only  develop  in  the  region  in  front  of  the  nozzle  where  the 
total  pressure  of  the  liquid  changes  from  Pw0n  fco  pw0III 
“  P,t  ^  P«  The  state  parameters  of  the  moist  vapor  and  the 
outflow  velocity  in  the  shut-off  regime  can  be  found  from 
condition  Wn M  =  an-)Hl. 

The  calculation  is  performed  in  the  following  sequence. 

1)  A  series  of  values  is  assigned  for  pressure  p^  ranging 
from  pc  to  zero. 

o  h 

2)  Prom  the  saturated- vapor  tables  we  find  the  values 
corresponding  to  them  T,  v',  v",  i,,.irt,  s’,  s",  and  r,  after  which 
from  formulas  (3.33),  (3.34),  (3.35),  (3.36),  (3.22)  and  (3.24) 

we  determine  quantities  W^,  in>„,,  x^  vni-1  and 

3)  Prom  formula  (3.26)  we  find  the  value  of  the  speed  of 
sound  an>wl,  after  which  we  graphically  determine  quantities 
pn.wl  and  Wn.wi»  which  correspond  to  the  shut-off  regime. 

4)  For  this  value  of  Pn>w^  we  calculate  all  the  parameters 
of  the  mixture  on  the  nozzle  edge  in  the  same  sequence. 

Figure  4  shows  dependences  Pw0II(t)  and  Pw0III(t)  *  pg(t) 
for  water.  We  see  that  the  third  shut-off  regime  of  the  convergent 
nozzle,  which  corresponds  to  a  flow  of  liquid  with  spontaneous 
evaporation,  is  only  possible  at  total  pressures  in  the  liquid 
which  are  very  close  to  the  saturation  pressure.  Thus,  for  example, 
when  »  100,  200,  and  300°C  we  have,  respectively:  Pmon  = 

*  1.0394  kgf/cm2,  pg  =  1,0332  kgf/cm2}  Pw0II  *  16.540  kgf/cm2, 

pg  »  15.857  kgf/cm2  and  pw0II  =  99.15  kgf/cm2,  ps  =  87.61  kgf/cm2. 
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The  main  shut-off  regime  of  the  convergent  nozzles  obtained  in 
the  ejector  will  therefore  be  the  second  regime,  in  which 

pwl  =  psl* 


1.0 


0,5 


0 

Fig.  4,  Dependences  of  total  pressure  of 
the  liquid  on  temperature  for  limiting 
shut-off  regimes  of  the  nozzle. 

KEY:  (1)  2nd  shut-off  regime;  (2)  3rd 
shut-off  regime. 

Designation:  nr/cM^  =  kgf/cm2, 

3.3*2.  Divergent  Nozzle 

As  the  liquid  flows  in  a  divergent  nozzle  with  an  assigned 
relative  critical  section  area  ?  .  «  f  /f  . ,  just  as  in  the 

gas  flow,  three  different  regimes  are  possible: 

1)  the  rated  regime,  in  which  a  supersonic  flow  of  mofst 
saturated  vapor  is  obtained  in  the  divergent  part  of  the  nozzle 


2)  a  regime  in  which  regions  of  supersonic  and  subsonic 
flows,  separated  by  a  plane  shock,  develop  in  the  divergent  part 
of  the  nozzle; 

3)  a  subsonic  flow  regime  for  the  entire  length  of  the 
nozzle. 

Supersonic  flow  regime.  When  H  =  const  there  are  three 
possible  cases  of  supersonic  flow  in  the  divergent  nozzle  (Fig.  5), 
depending  on  the  total  pressure  value  of  the  liquid  Pw0h* 


V/« Kmarnx  •'  wn  itc»>cn  mi  Pm  k"Psk  •  Pm^PsHi^nm. kx°(tjhk 

n*v/nj((x>0n.wu*S) 

Fig.  5.  Three  cases  of  supersonic  flow  in 
divergent  nozzle; 

«  -  pm ot  >  p*qi  •  PX-*>  p**' 

t — p*ot >  > 

c  -  p^n  >  >  p** 

KEY;  (1)  Saturated  vapor;  (2)  Liquid. 

We  have  the  first  case  when  Pwqh  >  Pwqi  ^see  ^S*  5a).  In 
this  case  the  liquid  flows  in  the  convergent  part  of  the  nozzle 
and  its  velocity  in  the  critical  section  Wm  u  is  equal  to  the 
speed  of  sound  in  the  liquid  am  u (M  =  1).  In  the  initial 
section  of  the  divergent  part  of  the  nozzle  (between  sections  k*-s) 
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the  pressure  of  the  liquid  decreases  to  pg,  while  its  velocity 
increases  and  becomes  supersonic  (fli  >1).  In  section  s  evapcra- 
tion  of  the  liquid  begins  and  the  speed  of  sound  decreases 
intermittently  from  aw  g  to  an#w(x-0) ‘  For  this  reason  the  M  number 
of  the  flow  rises  sharply  (Mn<w  s  >>  Mw  g).  In  section  s-i  of  the 
nozzle  the  velocity  of  the  supersonic  flow  of  the  two-phase  vapor- 
liquid  mixture  and  number  _  rise  smoothly,  while  pressure  falls. 

In  the  second  case  (see  Fig.  5b),  which  develops  when 

pw0’  >  pwOh  >  pwOII»  the  static  Pressure  of  the  liquid  in  the 
critical  section  of  the  nozzle  is  equal  to  saturation  pressure 
(p  =  p  ),  where  W  <  a  (M  <  1).  In  the  critical 
section  of  the  nozzle  the  liquid  begins  to  evaporate,  and  the 
speed  of  sound  in  the  two-phase  mixture  which  has  formed  a^ 
is  lower  than  the  velocity  of  the  mixture  ttf  =  W  ,  and 

thus  the  M  number  increases  intermittently  and  the  flow  becomes 
supersonic  (M  >  1).  In  the  divergent  part  of  the  nozzle 

the  velocity  and  the  M  number  of  the  supersonic  flow  which  has 
formed  from  the  two-phase  mixture  rise  steadily  (M„  ,  >  uj  ). 

Thus,  in  the  studied  case  the  transition  from  the  subsonic  region 
of  the  flow  to  the  supersonic  region  in  the  critical  section  of 
a  divergent  nozzle  occurs  intermittently.  The  velocity  of  the 
flow  Is  not  equal  to  the  speed  of  sound  at  a  single  one  of  the 
points  along  the  nozzle. 

In  the  thirc  case  (see  Fig.  5c),  which  Is  possible  at  valuer 

of  Pwqh  ranging  between  Pw0jj  and  pg  H,  between  sections  h-s  of 

the  convergent  part  of  l  le  nozzle  the  static  pressure  of  the 

liquid  decreases  to  the  value  pg,  while  the  velocity  increases 

to  the  value  W  ,  In  section  s  the  liquid  begins  to  evaporate, 
s 

and  thus,  as  in  the  cases  described  above,  the  M  number  of  the 
flow  rises  intermittently,  although  the  flow  remains  subsonic 
(Mn,w  s  <  1).  Between  sections  s-k  the  velocity  of  the  formed 
two-phase  mixture  increases  and  in  the  critical  section  becomes 
equal  to  the  speed  of  sound  (M_  *  1).  In  the  divergent  part 

of  the  nozzle  quantity  M  .  rises  steadily. 
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In  the  convergent  part  of  a  supersonic  nozzle  the  flow  is 
calculated  just  as  in  the  case  described  above  for  the  flow  in 
the  convergent  nozzle  in  a  shut-off  regime,  A  supersonic  flow 
in  the  divergent  part  of  the  nozzle  with  assigned  geometry  and 
with  friction  losses  can  be  calculated  if  we  use  the  equations 
of  the  conservation  of  mass  and  energy,  which  are  written  in  the 
form  of 


ivy  - _ «nuix  • 


(3.40) 

(3.41) 


as  follows: 

1)  If  we  assign  a  series  of  values  p  <  p  and 

fi  •  1H1  fl  •  Hi  •  K 

determine  with  the  aid  of  the  saturated-vapor  tables  the  values 
corresponding  to  them 


X]  e= 


(3.42) 


and  values  \t)Hl  and  in>wl  from  formulas  (3.22)  and  (3.23),  then 
with  the  aid  of  equations  (3.41)  and  (3.40)  we  find  the  parameters 
of  state  PntlHlMfl,  and  the  velocity  of  the  mixture 

^n.wlK#  on  edSe  °-  nozzle  for  a  flow  without  losses  in 
its  divergent  part. 


2)  According  to  formula 


(3.43) 

we  calculate  the  outflow  velocity  from  the  nozzle  in  the  presence 
of  losses,  after  which  we  find  quantities  v  and  i  ,  from 

^  #  Mi  j.  ^ 

expressions  (3.4n)  and  (3.41). 
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»  which  somewhat 
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3)  If  we  assign  a  series  of  values  for  p 
exceed  the  value  p,,^,  then  using  equation  n‘*1 

Vn.*l  —  v\ 

'i-'i  ”  w— ; 

and  the  saturated-vapor  tables  we  find  the  pressure  on  the  edge 

°  n°ZZle*  and  then  from  relationship  C 3 . 22 )  and  (3.2K)  . 
quantities  x.  and  s  ,,  ' 

l  n.ml 

ted .flow  regimes.  In  these  regimes  In  the  divergent  part 
nozzle  a  plane  shock  develops,  which  transforms  the 
supersonic  saturated  vapor  flow  Into  a  subsonic  flow  of  liquid 
or  saturated  vapor,  which  depends  on  the  Nation  of  the  hock 
determined  by  the  magnitude  of  counterpressure. 


(.1) 

Mutfttocm * 


C2) 

fJpUMOU  CMQHOK 
yn/iomnCMtia 


tc 


<3 '  "s  r  r» 

a)  »>  c) 

6'  ..Po33lble  mixed  flow  systems  In 
divergent  nozzle  when  p  nT  >  p  >  „ 

Sed^po^^  <2)  "  -  "ock, 

“fl*6  T°theP0*Slbl°  n°”  V*-  1"  «e  nozzle  for 


these  regimes  in  the  case  where  p, 


wOII’ 


dashed^line  I  Tl  **"  *“*  °f  «“  *»  which  the 

ashed  line  Indicates  the  process  of  expansion  of  the  liquid  In 

°°Zlle  fr°”  '*»*.  which  is  described  by  quantities 

points  lfHib  ^  P  ^  H>'  t0  StateS  corresPondlng  to  the 

the  nozzle,  ihe” values^f  ^h/Vt1^  “  Plan6  5h°Ck  deveIo',s  ln 

lues  of  the  state  parameters  beyond  the  plane 
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shock  lie  along  the  dot-dash  -line  (points  2a,  2b,  2c,  2d,  and  2e). 

Points  3a,  3b,  3c,  3d,  and  3e,  lying  along  the  line  i  n  =  const 

mOH  » 

correspond  to  the  stagnation  parameter  of  the  flow  beyond  the 
plane  shock. 


s 


Fig.  7.  Frocesses  of  liquid  expansion  in  nozzle  with 
formation  of  a  supersonic  flow  of  moist  vapor  and  stag¬ 
nation  of  the  supersonic  flow  in  a  plane  shock. 

Liquid;  (2)  Boiling  line;  (3)  Saturated  vapor; 

(*U  Pressure  decrease. 

If  we  examine  Fig,  7,  we  see  that  if  the  plane  shock  is 
located  near  the  critical  section  total  condensation  of  the  vapor 
occurs  within  it  (points  la,  2a,  3a;  see  also  Fig.  6a).  as  the 
shock  moves  from  the  critical  section  and  as  pressure  decreases 
in  front  of  it,  the  pressure  of  the  liquid  behind  the  shock, 
beginning  at  a  certain  moment,  also  decreases  and,  finally,  becomes 
equal  to  the  saturation  pressure  (points  lb,  2b,  3b  in  Fig.  7), 

As  the  shock  moves  further  in  the  direction  of  the  outlet  section 
of  the  nozzle  and  with  a  further  decrease  in  pressure  in  front  of 


it,  the  pressure  behind  the  shock  drops  below  the  saturation 
pressure  and  none  of  the  vapor  is  condensed;  as  the  flow  of 
saturated  vapor  stagnates  in  the  divergent  part  of  the  nozzle, 
pressure  in  this  case  can  rise  above  the  saturation  pressure  and 
the  vapor  can  be  completely  condensed  (points  lc,  2c,  3c,  Id,  2d, 

3d;  also  see  Pig.  6b),  At  even  lower  pressures  ahead  of  the  shock 
a  subsonic  flow  of  saturated  vapor  develops  behind  it,  which  is 
not  condensed  even  when  the  stagnation  velocity  decreases  to  zero 
(points  le,  2e,  3e;  also  see  Pig.  6c), 

Let  us  assign  the  calculation  order  for  the  parameters  of 
state  in  the  velocity  of  the  flow  on  the  edge  of  the  divergent 
nozzle  for  the  studied  regimes  depending  on  the  pressure  on  the 
edge,  which  is  equal  to  pressure  p  in  the  surrounding  medium. 

1.  Let  us  find  the  parameters  of  state  and  the  velocity  of 
the  flow  in  the  critical  and  outlet  sections  of  the  nozzle  in 
the  supersonic  flow  regime. 

2.  Let  us  calculate  the  parameters  of  state  and  the  velocities 
of  the  flow  behind  a  plane  shock,  located  in  the  outlet  section 

of  the  nozzle  (see  following  section  3.4), 

If  total  vapor  condensation  occurs  in  the  shock,  then  over 
the  entire  possible  range  of  variation  in  counterpressure,  which 
corresponds  to  the  studied  flow  system,  liquid  will  flow  from  the 
nozzle.  If  for  the  sake  of  simplicity  we  assume  that  y  -  const, 
then  we  get 


(3.45) 

7*17*1 

from  which  it  follows  that  the  outflow  rate  is  independent  of 
counterpressure;  stagnation  pressure  pm01  is  determined  by  the 
Bernoulli  equation*. 


Pwtn 


'Pm  1  +' 


*! 


2? 


(3.46) 
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Quantity  in  mixed  flow  regimes  in  the  studied  case  can 
vary  from  a  minimal  value  of  p  ^  m1n,  which  corresponds  to  a 
plane  shock  located  in  the  outlet  section  of  the  nozzle  (see 
Section  2),  to  a  maximal  value  of  p  -  ,  which  corresponds  to 

a  case  where  the  plane  shock  moves  into  the  critical  section  and 
where  the  liquid  flows  over  the  entire  length  of  the  divergent 
part  of  the  nozzle, 


Quantity  p  .  is  determined  from  formula 

HU  ZHaJC 

Pxtlmax  =  Pa 0*  —  (CkIkVm  —  ^*1)* 


(3.-47) 


where  is  the  resistance  coefficient  of  the  divergent  part 

of  the  nozzle  for  the  liquid  flow,1 


In  a  case  where  the'  vapor  remains  entirely  uncondensed  behind 
the  plane  shock  in  the  outlet  section  of  the  nozzle  (points  2c,  2d, 
2e  in  Pig,  7),  the  flow  on  the  edge  of  the  nozzle  under  different 
counterpressures  is  calculated  in  the  following  manner. 

A  number  of  values  are  given  for  pressure  p  ranging  from 
the  maximal,  which  is  found  from  relationship  (3.47) ,  to  the 
minimal,  which  is  equal  to  pressure  behind  the  plane  shock  on  the 
nozzle  edge  (see  Section  2).  When  pressure  p  changes  from  p  , 

HI  JL  fflclX 

to  pffll  =  psl  a  stream  of  liquid  flows  from  the  nozzle,  whose 
velocity  and  total  pressure  when  y =  const  are  determined  from 

m 

formulas  (3.45)  and  ( 3 . 46 ) ;  its  temperature  is  determined  from 
(3 •30b).  Quantity  pg^  is  found  as  the  intersection  point  of 
curves  Twl(Pwl)  and  Tg(pg).  When  pressure  changes  from  pg.  to 
Pwl  min  saturated  vapor  flows  from  the  nozzle.  Its  specific 


JIn  the  case  of  P^qjj  >  Pw0h  >  pg  H  in  the  critical  section 

and  in  the  small  region  behind  it  a  vapor  flow  is  possible,  although 
in  determining  the  quantity  p ^  max  we  can  use  formula  (3.47)  in 

the  first  approximation. 
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volume  and  enthalpy  when  p„  -  =  const  are  determined  from  the 

n«w± 

combined  solution  of  equations  (3.41)  and  (3.44),  its  outflow 
velocity  -  from  ( 3 . 40 ) . 

Subsonic  flow  regimes .  These  regimes  are  realized  at  pressure 
values  on  the  nozzle  edge  which  exceed  the  value  pwl  max>  found 
according  to  formula  (3.47).  The  parameters  of  these  regimes 
can  be  calculated  by  means  of  the  relationships  presented  above. 

3.4.  Plane  Shock  Inflow 
of  Saturated  Vapor 

Plow  parameters  behind  a  plane  shock,  which  transform  a 
supersonic  saturated  vapor  flow  into  a  subsonic  saturated  vapor 
flow  or  into  a  liquid  are  found  from  the  combined  solution  of 
the  equations  of  the  conservations  of  mass,  momentum,  and  energy 
for  sections  in  front  of  and  behind  the  shock,  written  in  the 
form  of 


hi' 

i 

fT 

(3.48) 

gn 

Pi—n—mWi, 

(3.49) 

h~=lm o--^* 

(3.50) 

Quantities  a  *  Pn.wlWn-Kl  and  n  -  mW^  +  Pn.wl,  which  are 
contained  in  these  equations,  depend  only  on  the  parameters  of 
the  impinging  flow;  the  subscript  K2,!  denotes  flow  parameters 
behind  the  shock,  subscript  ”1”  -  parameters  in  front  of  the  shock. 


Since  we  do  not  know  in  advance  whether  or  not  a  liquid 
flow  or  a  saturated  vapor  flow  will  form  behind  the  shock,  the 
calculation  is  made  in  two  stages. 
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First  we  assume  that  a  liquid  flows  behind  the  shock.  If  we 
assign  a  number  of  values  vw2  ranging  from  vwQ1  to  v^,  then  from 
expressions  (3.^8),  (3.^9),  and  (3.50),  we  find  the  corresponding 
values  Ww2,  pw2,  and  i^i*  Using  the  thermodyanmic  tables  from 
values  p,^2  and  vw2  we  find  the  values  of  iw2n  M^ich  correspond 
“o  them.  Comparison  of  these  values  with  the  values  of  iw2i 
which  we  have  found  enables  us  tc  determine  the  sought  values 

i'w2J  x 


Lw2  *  VHi2» 


Ww2?  and  sw2<  Then  quantity  Pwg2  can  be  found  from 


the  tables  from  the  known  values  of  the  enthalpy  and  entropy  of 
stagnation  i„02  =  1m0h  and  s m02  =  sm2. 


If  over  the  entire  range  of  possible  change  in  quantity  vw2 
dependences  iw2j^vm2)  and  iW2II^vw2^  not  intersect,  then  a 
liquid  flow  behind  the  shock  is  impossible. 


Calculation  of  the  flow  parameters  behind  a  plane  shock  is 
simplified  if  the  liquid  is  considered  incompressible.  In  *  ’Is 
case  velocity  W^2  and  pressure  pw2  behind  the  shock  are  uni  -  ■  d 
determined  from  equations  (3.^8)  and  (3.^9),  while  the  stagnation 
temperature  Pw02  is  found  from  the  Bernoulli  equation: 


P*sn~P*i 


2.< 


(3.51) 


The  temperature  of  the  liquid  behind  the  shock  can  be  found 
according  to  formula 


r«*-r 


*oi*r 


I  PxOl  —  P*Sti 


(3.52) 


It  is  obvious  that  the  flow  of  fluid  behind  the  shock  can  only 
develop  in  a  case  where  quantity  Tw2  is  lower  than  saturation 
temperature  Tg  when  pg  *  pffl2. 

In  the  case  of  a  flow  of  saturated  vapor  behind  the  shock, 
the  parameters  behind  the  shock  will  be  calculated  in  the  follow¬ 
ing  sequence: 
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1)  if  we  assign  a  series  of  values  pn  w2  ranging  from 
Pn  wl  to  p’  with  i  *  i^oi*  then  frora  expressions  (3.49),  (3.48), 
and  (3.50)  we  find  values  Wn  w2,  vn  w2,  in  w2I  which  correspond 
to  them; 


2)  if  we  compare  this  value  of  in  W2i»  with  the  value  of 
in  w2n»  which  is  determined  from 


l 


n*3II 


11  t  if  j>V 


(3.53) 


then  we  find  quantities  pn  w2  and  i  2,  after  which  we  calculate 
velocity  Wn  w2,  specific  volume  vp  w2,  as  well  as  entropy 
sn  w2  and  vaP°r  content  x0  of  the  mixture  behind  the  shock  by 
formulas  (3.49),  (3.48),  (3.23)  and  (3.24). 
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CHAPTER  4 

CALCULATING  CHARACTERISTICS  FOR 
EJECTOR  WITH  DIVERGENT  DIFFUSER 


4.1.  Possible  Operational  Modes 
of  Ejector 

Let  us  describe  the  possible  working  modes  of  the  ejector. 

With  this  object  we  examine  its  choking  characteristics,  which 
represent  the  dependence  of  total  pressure  of  the  mixture  on 
the  ejection  coefficient  under  Invariable  parameters  of  the  gas 
and  the  liquid  at  the  ejector  Inlet.  Typical  choking  characteris¬ 
tics  of  a  two-phase  ejector  for  different  assignments  of  gas  and 
liquid  parameters  at  the  in' at  are  shown  in  Fig.  8. 

The  gas-liquid  mixture  Is  a  compressible  medium,  and  thus 
under  assigned  state  parameters  for  the  gas  and  the  liquid  at  the 
ejector  inlet  it  is  always  possible,  if  we  decrease  counterpressure, 
to  obtain  a  regime  in  which  the  flow  in  the  divergent  diffuser 
between  section  3-4  (see  Fig.  2)  will  be  completely  supersonic. 

Point  1  on  the  curves  corresponds  to  this  regime. 

As  counterpressure  in  the  supersonic  stream  flowing  from  the 
diffuser  increases,  increasingly  powerful  angle  shock  develops 
and,  finally,  the  perturbations  penetrate  inside  the  channel. 

In  a  one-dimensional  study  penetration  of  the  disturbance  inside 
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the  channel  Is  only  possible  from  the  moment  that  the  plane  shock 
develops  in  the  outlet  section  (point  2  of  curves  in  Pig.  8).  It 
is  obvious  that  the  total«-pressure  values  of  the  mixture  in  the 
outlet  section  of  the  diffuser  in  regimes  corresponding  to  points 
1  and  2  on  the  curves  are  distinguished  from  one  another  by  a 
value  which  Is  close  to  the  losses  in  the  plane  shock. 


Pig.  8.  Choking  characteristics  of  two^phase  ejector  for 
different  assignments  of  gas  and  liquid  parameters  at 
inlet . 

Ac  counterpressure  increases  from  values  corresponding  to 
points  2  of  the  curves  the  normal  shock  moves  deep  within  the 
diffuser  and,  finally,  into  the  outlet  section  of  the  mixing 
chamber.  Here  total  pressure  of  the  mixture  increases  steadily, 
since  losses  in  the  plane  shock  decrease.  Sections  2-3  of  the 
curves  correspond  to  these  modes . 


•  Due  to  the  fact  that  with  a  change  in  the  total  pressure  of 
the  mixture  from  the  value  corresponding  to  point  1  to  values 
corresponding  to  points  2.  and  3,  the  flow  in  the  mixing  chamber 
of  the  ejector  does  not  change,  and  the  ejection  coefficient  also 
remains  invariable.  Thus,  point  1  and  section  2-3  of  the  curve 
lie  along  a  single  vertical  line. 

If  we  ignore  the  contrast  in  losses  in  the  diffuser  for 
supersonic  and  subsonic  flows,  then  in  the  case  of  a  low  relative 
volume  of  liquid  in  the  mixture,  the  total  pressure  value  at 
point  3  of  the  curve  can  be  expressed  as  the  value  which  corresponds 
to  pressure  at  point  1,  as  follows: 


where  A'_  >  1, 
c3 

In  the  particular  ease,  when  the  velocity  of  the  mixture 
in  the  outlet  section  of  the  mixing  chamber  is  equal  to  the  speed 
of  sound  (A  _  =  1)  points  1  and  3  coincide, 

C  j 

Regimes  corresponding  to  the  points  of  the  vertical  branches 
of  the  curves,  at  which  the  flow  rates  of  the  gas  and  the  liquid 
do  not  depend  on  the  conditions  at  the  diffuser  outlet,  are  called 
the  cut-off  [choking]  regimes  of  the  ejector. 

In  gas-liquid  and  liquid-gas  ejectors  with  convergent  nozzles, 
whose  trailing  edges  have  a  zero  thickness  (6=0),  two  types  of 
cut-off  regimes  can  be  realized,  depending  on  the  state  parameters 
of  the  gas  and  the  liquid: 

1)  critical  regimes  in  which  the  flow  at  the  outlet  from  the 
mixing  chamber  is  supersonic  (A^  >  1); 


Akhim — PcWl  • 


?  (>ct) 

'(i)' 


(4.1) 


60 


2)  cut-off  regimes  of  the  mixing  chamber  in  which  the 
velocity  at  the  outlet  from  the  chamber  is  equal  to  the  critical 
velocity  ( A^  =  1) . 

The  limiting  critical  regime  and  the  limiting  cut-off  regime 
of  the  mixing  chamber  are  also  those  regimes  in  which  the  flow 
in  the  diffuser  is  completely  subsonic.  In  a  case  where  the 
edges  of  the  convergent  nozzle  have  a  zero  thickness  the  limiting 
critical  regime  and  the  limiting  cut-off  regime  of  the  mixing 
chamber  correspond  to  the  vertices  of  the  vertical  branches  of 
the  curve  (points  3  in  Pig.  8a,  b,  d,  e). 


In  an  ejector  with  a  superconic  gas  nozzle  and  a  convergent 
liquid  nozzle,  in  addition  to  the  critical  regimes  and  cut-off 
regimes  of  the  mixing  chamber,  in  a  certain  variation  range  of 
the  parameters  of  state  of  the  gas  and  the  liquid  cut-off  regimes 
in  the  nozzles  can  also  develop  in  which  the  velocity  of  the 
mixture  in  the  outlet  section  of  the  mixing  chamber  and  in  the 
diffuser  will  be  subsonic  (the  region  of  tne  subsonic  flow  which 
does  not  occupy  the  entire  cross  section  of  the  mixing  chamber 
extends  up  to  the  edge  in  the  cut-off  modes  of  the  nozzles).  In 
these  regimes  a  sonic  stream  of  moist  vapor  flows  from  the 
convergent  nozzle.  This  stream  expands  suddenly  in  the  initial 
section  of  the  mixing  chamber  and  becomes  supersonic.  In  the 
divergent  part  of  the  gas  nozzle  a  normal  shock  develops,  which 
leads  to  a  supersonic  flow  in  the  subsonic  part.  Depending 
on  counterpressure  the  position  of  the  shock  can  change,  and  thus 
when  K  =  const  quantities  Ar^,  Pr0i*  and,  consequently,  pcQi|  can 
change.  Sections  3-^  of  the  choking  characteristics  correspond 
to  the  cut-off  modes  of  the  nozzles  in  Fig,  8c  and  f. 


The  cut-off  modes  of  the  nozzles  can  also  develop  in  an 
ejector  with  a  convergent  gas  nozzle  when  its  edges  have  a  finite 
thickness.  In  this  case  the  change  .4n  value  pcQlj  when  K  =  const 
and  Aq2  <  1  occurs  due  to  the  fact  that  with  an  increase  in 
counterpressure  as  compared  to  the  value  corresponding  to  the 
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limiting  critical  regime,  there  is  an  increase  in  pressure 
Px  in  the  stagnant  regions,  formed  at  the  trailing  edges  of  the 
nozzle. 

It  should  be  mentioned  that  the  transition  from  the  suDer- 
sonic  region  of  the  flow  to  the  subsonic  in  a  diffuser  does  not 
actually  occur  in  a  plane  shock,  but  in  complex  systems  of  bridge 
shocks,  in  which  losses,  generally  speaking,  can  be  distinguished 
from  losses  in  a  plane  shock.  However,  as  tests  on  gas  and  liquid- 
gas  vacuum  ejectors  with  cylindrica]  mixing  chambers  indicate, 
when  the  chamber  is  sufficiently  long  (on  the  order  of  12-18  calibre) 
losses  in  these  shock  systems  in  the  limiting  critical  regimes  are 
very  close  uo  losses  in  the  plane  shock. 

With  an  increase  in  counterpressure  as  compared  to  counter¬ 
pressure  \alues  corresponding  to  points  3  (see  Pig.  8a,  b,  d,  e) 
or  4  (see  Pig.  8c  and  f)  from  the  diffuser  the  disturbances 
penetrate  into  the  convergent  parts  of  the  nozzles,  and,  depending 
on  the  nature  of  the  flow  in  the  initial  part  of  the  mixing 
chamber,  there  begins  a  decrease  in  either  the  flow  rate  of  the 
liquid  (.see  Pig.  8a,  c,  e)  or  in  the  gas  (see  Pig.  8b,  d,  f)  or 
in  both  simultaneously  (see  Pig.  8  -  dashed  curves).  The  total 
pressure  of  the  mixture  in  this  case  rises  monotonically ,  while 
the  ejection  coefficient  either  rises  steadily  (see  Fig.  8a  and  c), 
decreases  steadily  (see  Pig.  8d  and  f),or  first  decreases  (rises), 
and  then  rises  (decreases)  (see  Fig.  8b  and  e).  In  the  regime 
K  =  00  the  flow  rate  of  the  liquid  is  equal  to  zero  and  gas 
alone  flows  through  the  ejector.  When  K  =  0  only  liquid  flows 
through  the  ejector  (Gr  =  0), 

The  curve  shown  In  Fig,  8a,  b,  c  corresponds  to  the  gas-liquid 
ejector  (PrQH  >  Pwqh)»  the  curves  in  Pig,  8d,  e,  f  correspond 

to  the  liquid-gas  ejector  (pwQh  >  Pr0H). 


; 
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Regimes  in  which  the  change  in  counterpressure  is  accompanied 
by  a  change  in  the  ejection  coefficients  are  called  subcritical 
regimes .  The  sloping  segments  of  the  choking  curves  6-3  or  6-4 
in  Pig.  8  correspond  to  these  regimes.  Obviously  when  the  ejector 
works  in  subcritical  modes  all  the  i;ay  from  the  inlet  to  the  outlet 
section,  there  will  be  a  continuous  subsonic  flow  region  through 
which  perturbations  will  be  transmitted. 


4.2.  Critical  Regimes 

The  critical  operational  regimes  of  two-phase  gas-liquid 
and  liquid-gas  ejectors,  as  we  have  already  mentioned,  are  those 
regimes  in  which  the  flow  in  the  outlet  section  of  the  mixing 
chamber  is  supersonic.  In  studying  the  critical  regimes  of  a 
two-phase  ejector  we  assume  that  when  one  of  the  streams  on  the 
edge  of  the  nozzle  is  sonic  or  supersonic  and  the  other  is 
subsonic,  then  the  latter,  as  a  result  of  its  compression  by  the 
diverging  supersonic  stream,  is  driven  in  the  initial  part  of  the 
mixing  chamber  (between  sections  1-2,  see  Fig.  2)  to  the  maximal 
possible  velocity. 


In  a  case  where  the  stream  of  liquid  is  subsonic,  then  when 

pmOI  >  p»«0h  ?  PjhOII  its  vel-ocity  increases  to  the  value  Ws2,  and 

when  Pwgjj  >  Pwoh  >  ps2*  wiien  during  compression  of  the  liquid 

stream  it  Is  evaporated,  the  velocity  of  the  stream  increases  to 

a  value  equal  to  the  speed  of  sound  a  „  in  the  stream  of 

n  •  Hit 

saturated  vapor. 


in  the  stream  of 


In  a  case  where  the  stream  of  saturated  vapor  or  gas  is 
subsonic,  then  its  velocity  in  the  initial  section  of  the  mixing 
chamber  rises  to  the  speed  of  sound  (this  case  is  obtained  in 
critical  regimes  of  a  supersonic  gas  ejector  -  see,  for  example, 
[73).  Section  2  (see  Pig.  2)  of  the  mixing  chamber,  in  which  the 
velocity  of  the  subsonic  stream  reaches  the  maximal  possible  value, 
is  called  the  cut-off  section. 
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Figure  9  shows  theoretically  possible  systems  of  a  flow  in 
nozzles  and  in  the  initial  section  of  the  mixing  chamber, 
corresponding  to  the  critical  operational  modes  of  a  two-phase 
ejector  with  supersonic  nozzles  at  different  values  of  the 
characteristic  pressure  ratio  a  -  PrgH/PWQH  an^  invariable  values 
T  n  ,  p  n  and  T  .  The  patterns  of  flow  in  the  liquid  nozzle 
in  cut-off  regimes  and  regimes  close  to  it  correspond  in  Fig.  9 
to  the  case  where  pw0I  >  pwQh  >  Pw0n*  The  Patterns  of  flow  in 
the  initial  section  of  the  mixing  chamber  and  the  conditions  of 
stream  interaction  remain  the  same  for  eases  where  Pw0h  >  Pw0I 

and  pmOII  >  pmOH  >  ps2  (see  Flgs *  5  and  6)* 

At  values  of  characteristic  pressure  ratio  o  which  exceed 

a  certain  maximal  value  a  the  static  pressure  of  the  gas  on 

max 

the  edge  of  the  nozzle  in  a  rated  flow  system,  when  A  ,  =  A_  >  1, 
greatly  exceeds  the  pressure  of  the  liquid,  and  thus  the  supersonic 
gas  stream,  as  it  expands  in  the  initial  section  of  the  mixing 
chamber,  fills  its  entire  cross  section  (see  Fig.  9a).  The  flow 
rate  of  the  liquid  in  this  case  is  equal  to  zero  (G  =  0;  K  =  «). 

Hi 

The  ejection  process  when  a  >  o  is  impossible. 

max 

When  crmax  >  a  >  (see  Fig,  9b)  the  static  pressure  of 

the  gas  at  the  edge  of  the  nozzle  for  the  rated  flow  pattern 
exceeds,  just  as  before,  the  pressure  of  the  liquid  (p  ,  >  p  .), 
although  the  supersonic  gas  flow,  as  it  expands  in  the  initial 
section  of  the  mixing  chamber,  no  longer  fill?  its  cross  section. 
The  pressure  of  the  liquid  in  the  critical  section  oi  the  nozzle 
in  these  regimes  exceeds  the  saturation  pressure,  and  t'  us  liquid 
flows  for  the  entire  length.  The  velocity  of  the  liquid  in  the 
initial  section  of  the  mixing  chamber  increases  and,  in  keeping 
with  the  basic  hypothesis  of  critical  regimes,  reaches  the  maximal 
possible  value  for  a  convergent  nozzle  =  Wg2  in  Section  2. 

With  a  decrease  in  a  from  omax  to  the  divergent'  region 

of  the  gas  flow  in  the  initial  section  of  the  mixing  chamber 
decreases,  and  thus  the  area  of  the  cross  section  of  the  liquid 
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stream  f  2  and  the  flow  rate  of  the  liquid  increase.  In  this 
case  the  velocity  of  the  liquid  in  the  critical  section  also 
increases.  When  a  =  c###  the  liquid  nozzle  is  cut-off:  the 
static  pressure  of  the  liquid  in  the  critical  section  becomes 
equal  to  the  saturation  pressure  (p,  u  =  Pe  u),  while  the  velocity 
and  the  flow  rate  of  the  liquid  reach  maximal  values  (W  » 

Hi  •  n 

«  Wo  ,  G  -  G  )  (see  Fig.  9c),  With  a  further  decrease 

S  K  Hi  Hi  IucLA 

in  c  the  flow  in  the  convergent  part  of  the  liquid  nozzle  remains 
unchanged  (pm  B  =  Ps  H>  Wlk<H  =  ¥s  a „  =  Gm  max). 

In  a  a  variation  range  from  a###  to  c ##  the  flow  scheme 
shown  in  Fig.  9d  and  e  is  obtained.  In  the  initial  section  of  the 
mixing  chamber,  just  as  in  the  preceding  cases,  the  supersonic 

gas  flow  (Arl  *  V.pi  prl  >  pml^  exPands  and  the  flow  from  the 
liquid  nozzle  contracts.  In  connection  with  the  continuing  increase 
in  the  area  fw2  and  decrease  in  pressure  on  the  edge  of  the  liquid 
nozzle,  a  supersonic  flow  of  saturated  vapor  develops  in  its 
divergent  part,  which  is  transformed  into  a  subsonic  flow  in 
the  plane  shock,  which  when  c  =  reaches  the  outlet  section 
of  the  nozzle  (see  Fig.  9f  and  g) .  At  values  which  are  not  too 
lew  for  the  relative  area  of  the  critical  section  of  the  liquid 
nozzle  fw>H  «=  fWtH/fwl  in  the  plane  shock  there  occurs  a  total 
condensation  of  vapor,  regardless  of  the  position  of  the  shock 
in  the  nozzle,  i.e.,  for  the  entire  a  variation  range  from  o*## 
to  0o.  Here,  in  the  initial  section  of  the  mixing  chamber  a 
liquid  stream  flows,  whose  velocity  in  section  2  is  equal  to 
W  p  (see  Fig.  9d  and  f ) .  At  values  of  f  which  are  lower  than 
a  certain  minimal  value,  a  flow  of  liquid  on  the  edge  of  the  nozzle 
and  between  sections  1-2  of  the  mixing  chamber  is  only  possible 
with  a  change  in  a  from  to  a  certain  value  of  at  which 

the  pressure  of  the  liquid  on  the  edge  of  the  nozzle  becomes 
equal  to  the  saturation  pressure.  Here  the  flow  schemes  shown  In 
Fig.  6a  and  b  develop  in  the  liquid  nozzle.  At  values  of  a  between 
0***3.  and  °*#  a  subsonic  stream  of  saturated  vapor  flows  from  the 
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nozzle.  The  velocity  of  this  stream  in  the  Initial  section  of  the 
mixing  chamber  increases  to  the  speed  of  sound  (Wn  w2  =  an  w2 t 
see  Pig.  9e  and  g) . 


When  0 ##  >  a  >  a*  (see  Fig.  9h)  supersonic  streams  flow  from 
both  nozzles  (A.  =  A_  ;  W„  .  >  a„  , ) ,  and  in  the  initial 

I  J,  I  *P  n  *  nil  rifcmj. 

section  of  the  mixing  chamber  the  gas  stream  expands  and  the 

stream  of  saturated  vapor  contracts  (p  ,  >  p„  .,).  As  0  decreases 

r  1  n.mi 

p_,  tends  to  p„  .  and  when  0=0*  pressures  on  the  edge  of  the 
1  x  n  •  mi. 

nozzles  become  identical  (Prj  *  Pn  the  streams  which  flow 

from  the  nozzles  when  0=0*  have  a  cylindrical  shape  (see  Pig.  91). 


i 


I 

i 

{ 

f 

I 

f 

I 

I 


With  a  further  decrease  in  0  the  flow  pattern  in  the  gas 
and  liquid  nozzles  and  in  the  streams  in  the  initial  part  of  the 
mixing  chamber  undergoes  a  reverse  change.  From  the  liquid 
nozzle  flows  a  supersonic  stream  of  saturated  vapor,  whose  static 
pressure  Pn>wl  exceeds  the  pressure  in  the  gas  stream  pr_, ,  and 
thus  it  expands  and  constricts  the  gas  flow. 


When  0*  >  0  >  0**  a  supersonic  stream,  in  which  angle  shocks 

develop  (see  Pig.  9j),  flows  from  the  gas  nozzle.  With  a  decrease 

in  0  the  intensity  of  the  angle  shocks  increases,  and  when  0  *  0** 

on  the  edge  of  the  gas  nozzle  a  plane  shock  is  established  (see 

Pig.  9k).  The  subsonic  gas  stream  which  develops  behind  the 

plane  shock  is  driven  between  sections  1-2  from  A  ,  =  l/A  to 

rl  r.p 

the  speed  of  sound  (A  2  =  1). 


At  even  lower  values  of  0  the  plane  shock  penetrates  into  the 
divergent  part  of  the  gas  nozzle  and,  finally,  when  0  =  a*** 
it  reaches  its  critical  section.  The  flow  pattern  for  regimes 
with  0**  >  0  >  0***  and  0  *  a***  are  shown  in  Pig.  91  and  m, 
respectively. 


When  0***  >  0  >  0min  over  the  entire  length  of  the  gas  nozzle, 
the  flow  is  subsonic  (A^_^  <  1)  With  a  decrease  in  0  the  range 
01  expansion  of  the  supersonic  stream  of  vapor  increases  and. 
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finally,  when  a  -  omin  the  stream  of  vapor  fills  the  entire  cross 

section  of  the  mixing  chamber.  When  a  <  o  ,  the  flow  rate  of 

—  min 

the  gas  is  equal  to  zero  (Gr=0;K=0)  and  the  ejection  process 
is  impossible. 

Let  us  find  the  conditions  which  bind  the  flow  parameters  on 
the  edge  of  the  gas  and  liquid  nozzles  for  an  ejector  working  in 
critical  modes  for  all  of  the  flow  schemes  above.  With  this  goal 
let  us  examine  the  flow  in  the  initial  part  of  the  mixing  chamber 
between  sections  1-2  (see  Fig.  9)  for  cases  where  one  of  the  streams 
at  the  inlet  to  the  mixing  chamber  is  subsonic  and  the  other  is 
sonic  or  supersonic.  In  addition  to  the  assumptions  made  in 
deriving  the  ejection  equations  and  in  studying  the  flow  of  gas 
and  liquid  in  the  nozzles,  let  us  assume  that: 

1)  the  streams  in  the  initial  part  of  the  mixing  chamber  do 
not  mix; 


2)  there  is  no  heat  exchange  between  the  streams; 

3)  the  flow  is  isentropic; 


4)  both  streams  in  the  cut-off  section  are  one-dimensional, 
and  the  velocity  vectors  are  parallel  to  the  ejector  axis. 


PpuHPmbtu  3  t  ~  x 
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Fig.  10.  Replacing  the  actual  pattern  of  distribution  of  static 
pressure  in  the  cut-off  section  by  a  step-wise  pattern  -  with  a 
break  on  the-  flow  boundary. 

KEY:  (1)  Subsonic  stream;  (2)  Supersonic  stream;  (3)  Pattern  of 
change  in  p  assumed  In  theory;  (4)  Actual  pattern  of  change  in  p. 
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According  tc  this  last  assumption,  the  known  pattern  of 
static  pressure  distribution  in  the  cut-off  section  and,  conse¬ 
quently,  the  actual  pattern  of  velocity  distribution,  is  replaced, 
just  as  in  the  theory  of  a  gas  ejector  (see  ]'  by  a  step-wise 
pattern  with  a  break  on  the  flow  boundary  (Fig.  10). 

Let  us  solve  jointly  the  equations  for  the  conservation  of 
mass,  momentum,  and  energy  for  sections  1-2. 

According  to  our  assumption  PrQ2  -  PrG1  and  Tr02  =  Tr01 * 
Considering  this,  from  the  equation  of  the  conservation  of  mass 
for  the  gas  stream  we  get 


?(Wrt=Ml)7rt- 


(4.2) 


The  analogous  relationship  for  the  vapor-liquid  stream  is 
written  as 


/ n.*2  — 


(4.3) 


If  we  use  relationships  (2.3)  and  (2.4),  as  well  as  the 
obvious  condition 


/r2*f/».*2  — 


(4.4) 


then  from  (4.2)  and  (4.3)  we  find 


O (1  —  V)  8 (Art)  ^  1  —  6 
o+l  q&tt)  o+l  Tn.^NaS  ' 


(4.5) 


The  equation  of  momentum  for  sections  1-2  can  be  represented 
in  the  following  form: 


0„  +0...I  (w. JtL^f )  +<w 

+s ^fa)+Q.  (w-M+€a^sl)  ■  (4.6) 


. 


If  we 


and  TrQ2  = 
expression 


consider  that  Gp2  =  0rl  =  0r_H;  0n-„2  =  3n->|1  =  G 
Tr0H,  then  we  transform  this  equation  by  means  of 
(2,12)  into  the  form  of  • 


m.H 


where 


Idii  Ka^MKi)  -  HKi (*•  .7) 

2  “r 


n.*2 


=w 


n-*2 ' 


^rPn.>K2t>n.A2 

^n.*2 


(4.8) 


while  the  sets  n  ,  and  n,  are  determined  from  formulas  (2.13) 
n .  ml  l 

and  (2.14). 


The  velocity  of  the  saturated  vapor  in  the  cut-off  section, 
which  is  contained  in  equations  (4.5)  and  (4.7),  is  found  from 
the  equation  of  the  conservation  of  energy 


tp! 

2  +  "• 


2^/  — **: 


*o«* 


which  gives  us 


(4.9) 


(4.10) 


At  the  assigned  value  of  p  0  of  the  saturated  vapor  in 

riimt 

the  cut-off  section  quantities  vn  w2  and  in  w2  can  be  found  from 
expressions  (3-22)  and  (3.23).  and  the  value  of  the  vapor  content, 
contained  in  these  expressions,  can  be  found  from  condition 

sn.*2  =  sn.,«l  from  formula 


■*’2 —  ' 


so.*!'“s2 


h  “*» 


(4.11) 


Equations  (4.5),  (4.7)  and  (4.9)  can  be  usea  in  calculating 

the  critical  regime  in  the  variation  ranges  of  a  from  o  to 

max 

a##  and  from  a**  to  cJIn^n- 
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In  the  a.  variation  range  from  a  x  to  a#j(  at  the  assigned 
temperature  of  the  liquid,  depending  on  pressure  pwQh  and 
quantity  f  in  the  initial  section  of  the  mixing  chamber,  three 
flow  schemes  are  possible  for  the  stream  flowing  from  the  liquid 
nozzle : 

1)  when  a  liquid  flows  between  sections  1-2  (see  Pig.  9b, 
c,  d,  f); 

2)  when  a  liquid  flows  from  the  nozzle,  but  when  partial 
evaporation  occurs  between  sections  s-2; 

3)  when  there  is  a  subsonic  flow  of  saturated  vapor 
between  sections  1-2  (see  Pig.  9e,  g) . 

The  first  case  is  realized  at  total-pressure  values  of  the 
liquid  pw01  which  exceed  quantity  Pw0m*  which  is  determined  from 
formula  (3.39),  where  subscript  "l”  corresponds  to  the  parameters 
of  the  liquid  on  the  edge  of  the  nozzle.  In  this  case  additional 
conditions  which  determine  the  flow  of  the  streams  in  the  initial 
part  of  the  mixing  chamber  will  be:  Ap^  =  V  p»  ®  x2  =  0; 

P»2  *  ?s2  (Ww2  *  Ws2J' 

In  the  second  case,  which  arises  at  total-pressure  values 
pm01  between  pwoiII  and  ps2*  the  additional  conditions  will  be: 

Yl  =  Ar.p»  X1  =  0(pml  *  Psl^J  Wn,w2  =  an.m2* 

In  the  third  case  the  additional  conditions  will  be  the  same 
as  in  the  second,  the  only  difference  being  that  x^  >  0. 

In  the  cr  variation  range  from  o **  to  <7in^n#  when  in  the 

initial  part  of  the  mixing  chamber  the  supersonic  stream  of 

saturated  vapor  expands  and  the  subsonic  stream  of  gas  contracts, 

the  additional  conditions  for  the  system  of  critical  regime 

equations  will  be:  W„  ,  =  V/  ^  >  a„  ,  and  A  =  1. 

^  n.ml  n.w.p  n.mx  r. 
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At  the  assigned  values  for  the  geometrical  parameters  of  the 
ejector,  as  well  as  for  the  physical  properties  and  stagnation 
parameters  of  the  gas  and  the  liquid  at  the  nozzle  inlet,  in  order 
to  calculate  the  critical  regime  we  must  know  in  which  of  the 
above  ranges  the  assigned  value  of  the  characteristic  pressure 
relationship  is  found.  For  this  purpose  we  must  compare  the 
assigned  value  of  a  with  the  values  a  ,  °###>  c#*»  cr  ,  a  ,  a 
and  °min*  In  determining  these  values  pr0H  can  be  considered 
variable.  Let  us  assign  the  calculation  order  for  these  quantities. 


The  quantity  amax  is  found  from  equations  (4.7)  and  (4.5) 

with  the  aid  of  expressions  (2.10),  (2.13),  (2.1*0  and  (4.8), 

assuming  that  Apl  =  A  and  that  at  the  limit,  as  the  flow  rate 

of  the  liquid  tends  to  zero,  W  .  -*•  o  p  ,  -*  n  „  • 

•  ml  *ml  fwOh' 


-  _fi  l  8(“+l)  Pi  1 

+T?r  tzy 


avrlM.}if  Or.f)  [*  ('r2  max)  “  2  (^r.p)J 

where  the  value  of  Ar2  is  found  from  formula 


(4.12) 


(“1.13) 


Quantities  0###  and  a ##  can  be  found  from  equations  (4.7) 
and  (4.5),  which,  if  conditions  Ari  =  Ar  and  vrlH  -  vplH  are 
considered,  is  written  in  the  form 


Pratt  Tp.»il^ry.i<ii(,,".iKl  +  wi~B".iiii)  . 

Pm On  0nvrlx.p7  (^r.p)  (*rt)  2  (^r.p)l 

n  \  a(i  -8~)yfir.p) 

^  (0+ 1)  (*  ~*  8)  fr,xtlTP.jKi 


(4.14) 

(4.15) 


n_  , .  n„  and  n_  , 


Unknown  quantities  y  .  ,  W  y  .. 

n.wl*  n.ml'  rn.w2»  n.w2»  n.ml*  “1  — ~  “n.w2 

contained  in  these  formulas,  can  be  found  by  calculating  the  flow 

of  liquid  in  the  nozzle  and  between  sections  1-2  of  the  mixing 


chamber. 
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When  a  =  0###  these  quantities  can  be  calculated,  in  a  case 
where  the  compressibility  of  the  liquid  can  be  ignored,  in  the 
following  sequence: 

1)  we  determine  the  maximal  flow  rate  of  the  liquid  through 

the  nozzle  G  and  quantity  p  n  (see  Section  3.3),  after  which, 
max  muH 

from  formulas  (3.45),  (3.47),  (3.46),  (3* 30b),  (2.13)  and  (2.14), 
we  calculate  quantities  W^^,  ^wl*  ^wOl*  ^wl*  ^wl*  ^1  a*"*^  from  the 
saturated-vapor  tables  we  find  the  saturation  pressure  pgl  =  Ps2; 

2)  from  expressions  (3.27)  and  (3.39)  we  find  quantities 
an.»<(x-K>)  anti  p*0in> 

3)  if  P«01  --  F*01II*  then  x2  ‘  °>  p»2  =  psl>  "  y!>  and 

the  velocity  W  ,  is  calculated  according  to  formula 
n  •  vh  d. 

■  ( *  • 15a) 

after  which  from  (4.C)  we  determine  quantity  nn  w2  =  ng2; 

4)  if  P^q^jj  >  PWQ2  >  P3l»  then  in  the  cut-off  section  flows 

a  sonic  stream  of  saturated  vapor.  Quantities  pn  w2,  YntW2  and 

W  ~  =  a„  ~  are  determined  in  the  same  order  as  the  third  cut-off 
n.w2  n.«f2 

case  of  the  liquid  nozzle  (see  Section  3.3). 

When  a  =  a#J(  the  parameters  of  the  stream  which  flows  from 
the  liquid  nozzle  in  sections  1  and  2  is  calculated  as  follows: 

1)  we  determine  the  state  parameters  and  the  velocity  of  the 

stream  of  saturated  vapor  on  the  edge  of  the  supersonic  liquid 

nozzle  in  its  rated  operational  regime  (see  Section  3.3),  after 

which,  with  the  aid  of  relationships  presented  in  Section  3.4, 

we  find  the  parameters  of  the  subsonic  flow  of  liquid  or  saturated 

vapor  behind  the  shock  located  in  the  outlet  section  of  the  nozzle, 

as  well  as  quantities  n  ,  and  n.  j 

n  *  Hii.  i 
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2)  if  in  the  shock  the  vapor  is  completely  condensed,  then 
we  calculate  the  parameters  of  the  liquid  stream  in  section  2 
according  to  parts  2,  3,  4  of  the  preceding  calculation; 

3)  if  a  subsonic  flow  of  saturated  vapor  develops  behind  the 

shock,  then  the  state  parameters  of  the  vapor  in  section  2  are 
calculated  from  conditions  sn#w2  =  and  Wn>w2  =  an<w2 

according  to  part  4  of  the  preceding  calculation. 


When  a  =  o*  supersonic  streams  (Wn#JMl  =  >  an#wl; 

X  =  A  >1)  with  identical  pressures  flow  from  both  nozzles, 
r  i  r  •  p 

Prom  the  condition  cf  equality  of  pressures  prl  =  pp  we  have 


Pll.x.p 


Pi «0k  Vrm.pP(Xf.p) 


(4.16) 


where  p  is  the  static  pressure  on  the  edge  of  the  liquid 

n  *  hi  •  p 

nozzle  for  a  supersonic  outflow  velocity . 


Quantities  a**  and  a***  can  be  found  from  equations  (4.7)  and 
('4.5),  which  are  written  as 

'fi-x *  >:.x.p  nl  ■“  Pn.wj) 

0  S2  -  ”  "  -  -  -  I 

6aP«fl«V rlH  :  •  ■  ■  > ! '  (I )  ~  »  (h  Ol 
_  0— .■•(«)  Tn.nt.p^'.m.? 

W  ^  (a  +  1Mf  (i)  _  a  (  1  q  (>.rl)’ 

where  the  subscript  ”pM  denotes  the  flow  parameters  of  the  saturated 
vapor  on  the  ;ige  of  the  nozzle  in  a  supersonic  outflow. 

When  a  -  o**  the  additional  conditions  will  be: 

*,1=1  IK.,  and  v>i1(  - (Xr.„)/</ ( l/Xr>(J), 
and  when  a  =  a ***  -  relationships  (3.17),  (3.18). 

Quantities  a**  and  a***  according  to  formulas  (4.17)  and  (4.18) 
are  calculated,  after  determining  the  parameters  of  state  and  the 


(4.17) 

(4.18) 
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velocity  of  the  supersonic  stream  of  saturated  vapor  on  the 
edge  of  the  nozzle,  as  follows, 

A  series  of  values  p  0  are  assigned  ranging  from  p  . 

n  *  hi  d.  n.w.p  uo 

zero  and  values  v^,  vjtj,  i£,  iij,  s^,  s£,  which  correspond  to  them, 

are  found  from  the  saturated  vapor  tables,  According  to  formulas 

(4.11),  (3*22),  (3.23)  and  (4,10)  we  calculate  the  corresponding 

values  of  *2,  Yn.m2  =  l/vn-1>2,  and  By  determining 

the  values  of  the  product  y  5W_  0  from  equation  (4.18)  we  find 

the  sought  value  pn  w2,  after  which  w  calculate  the  quantities 

Yn >w2 *  Wn.w2»  nn.w2  corresPondinG  fco  and,  finally,  values  a** 
and  0***  according  to  formula  (4.17). 


When  a  omin  we  have:  Ar^  -*•  0;  vrlH  -*■  1.  From  equations 
(4.17)  and  (4.18)  in  this  case  we  get 


3ni!ir 


In.M.pW  -  »„ .*0) 


£aPxX)H 


Yn.K2^n.*I  — 


(«+0fr(U 


(4.19) 

(4.20) 


We  calculate  quantity  omin  just  as  quantities  0**  and  a***. 


After  determining  the  range  in  which  lie  the  assigned  value 
of  0  and,  consequently,  the  additional  conditions  which  determine 
the  flow  of  the  streams  in  the  nozzle  and  in  the  initial  part  of 
the  mixing  chamber,  we  calculate  the  parameters  of  the  stream 
on  the  edge  of  the  nozzles  in  the  critical  operational  mode  as 
follows . 

A 

Case  amu>s>o** 

1.  We  determine  the  parameters  of  the  supersonic  gas  flow 
on  the  nozzle  edge. 
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2.  We  assign  a  series  of  values  for  static  pressure  on  the 
edge  of  the  liquid  nozzle  in  the  necessary  range  and  determine 
the  corresponding  parameters  of  state  and  velocity  of  the  liquid 
or  vapor-liquid  nozzle  in  sections  1  and  2, 

3.  By  substituting  the  obtained  values  in  equation  (^.5), 
we  find  the  corresponding  values  of 

4.  '  By  solving  equation  (4.7)  we  find  the  unknown  value 
of  pressure  on  the  edge  of  the  liquid  nozzle,  after  which  we 
determine  all  remaining  parameters  of  the  streams  on  the  edge  of 
the  nozzles,  which  are  needed  to  find  the  parameters  of  the 
mixture  at  the  ejector  outlet. 

Case  a**>tf>o** . 

In  this  case  in  the  critical  regime  the  rated  flow  pattern 

(Vl  ■  V.p  >  Wn.*l  =  Wn.*.p  =•  ls  realized  in  both 

supersonic  nozzles.  The  flow  rates  of  the  working  bodies  and 
the  parameters  of  the  streams  in  the  inlet  section  of  the  mixing 
chamber  are  in  this  case  determined  from  calculating  the  flow  in 
the  nozzles  (see  above). 

Case  a**>a>awtn 

1.  We  find  the  parameters  of  the  supersonic  flow  of 
saturated  vapor  on  the  edge  of  the  nozzle, 

2.  We  assign  a  series  of  static-pressure  values  p  0  and 

n  iHit 

using  the  saturated- vapor  tables  we  find  the  corresponding 
parameters  of  the  supersonic  vapor  flow  in  the  cut-off  section. 

3.  Prom  equation  (4.5)  we  calculate  the  value  of  the  reduced 
velocity  of  the  gas  Arl  on  the  edge  of  the  nozzle. 
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4.  From  the  values  cf  Ar^  which  we  have  found,  using  the 
additional  conditions  which  determine  the  flow  of  gas  in  t..e  nozzle 
for  the  supersonic  range  of  a  variation,  we  find  the  quantities 

vrlH  *  Gr  and  K> 

5.  Using  the  flow  parameters  which  we  have  found,  by  means 

of  equation  (4.7)  we  find  quantity  p  which  corresponds  to  the 

critical  operational  mode  of  the  ejector,  and  then,  according  to 
parts  2,  3,  and  4,  we  determine  all  the  parameters  of  the  gas 
flow  on  the  edge  of  the  nozzle. 


The  flow  patterns  shown  in  Fig.  9  are  realized  in  the  critical 
regimes  of  gas-liquid  and  liquid-gas  ejectors,  when  both  nozzles 
are  divergent  and  supersonic. 


In  a  case  where  the  gas  nozzle  is  divergent  and  the  liquid 
nozzle  convergent,  at  values  of  a  between  o  and  a*  the  flow 

JTlcLX 

for  the  entire  length  of  the  liquid  nozzle  will  be  subsonic,  and 
in  sections  1  and  2  either  liquid  or  saturated  vapor  can  flow. 
When  o*  ^  a  >  a  the  same  flow  patterns  develop  as  shown  in 

Fig.  9i-9o,  except  that  the  outflow  velocity  from  the  liquid 
nozzle,  depending  on  the  magnitude  of  Pw0h,  can  be  equal  either 

to  »S1  "  *n,.r 


In  an  ejector  with  a  convergent  gas  nozzle  and  a  divergent 
liquid  nozzle  when  °max  £  0  >  o*  the  flow  patterns  presented  in 
Fig.  9a-9i  develop,  and  the  velocity  at  the  edge  of  the  gas  nozzle 
is  equal  to  the  critical  speed  of  sound  Url  =  l)*  when  o»  >  a  > 

>  amin  Par*t  of  the  mixing  chamber  the  supersonic 

stream  of  saturated  vapor  expands  and  the  gas  stream,  whose 
velocity  for  the  entire  length  of  the  nozzle  is  subsonic,  contracts. 


In  a  case  where  both  nozzles  are  convergent  there  occurs  a 
sudden  expansion  of  the  sonic  gas  stream  and  a  contraction  of  the 
subsonic  stream  flowing  from  the  liquid  nozzle  in  the  range  of 
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o  variation  from  a  to  a*  in  the  initial  part  of  the  mixing 

max 

chamber;  the  additional  conditions  determining  the  critical  regime 
will  in  this  case  be:  *rl  =  Is  *  Ws2  on  Wn  >(2  -  a^j. 

When  a*  >  a  >  omin  in  .the  initial  part  of  the  mixing  chamber 
there  occurs  a  sudden  expansion  of  the  sonic  (W„  ,  =  am  , ) 

or  the  supersonic  (Wsi  >  ap  wi(x.*o))  stream  of  saturated  vapor 
and  a  contraction  of  the  subsonic  stream  of  gas,  whose  reduced 
velocity  in  the  cut-off  section  becomes  equal  to  unity  (A^  =  D  • 

The  critical  regimes  in  all  of  these  cases  are  calculated 
just  as  in  the  case  examined  above  for  the  two  supersonic 
nozzles . 

Let  us  note  in  conclusion  that  a  number  of  assumptions  made 
in  the  work  during  derivation  of  the  equations  of  critical  regime 
for  a  two»phase  ejector  require  experimental  verification .  In 
the  case  where  between  sections  1-2  a  liquid  flows  (see  Pig.  9a, 
b,  c,  d,  f ) ,  this  refers  primarily  to  the  proposal  that  the  flow 
of  liquid  is  in  a  stream  (it  is  possible  that  under  certain 
conditions  the  flow  of  liquid  will  break  up  into  drops  before 
section  2). 

In  the  case  where  in  the  nozzle  or  the  initial  section  of 
the  mixing  chamber  (particularly  under  conditions  of  o  <  a *) 
spontaneous  evaporation  of  the  liquid  occurs,  this  is  relatad  to 
the  assumption  of  thermodynamic  and  mechanical  equilibrium  of 
the  saturated  vapor  which  has  formed;  actually,  due  to  the  lag  in 
the  evaporation  process,  the  pressure  of  the  vapor  can  be  lower 
than  the  saturation  pressure,  ana  thus  the  liquid  will  be  overheated. 

Note  also  that  in  addition  to  the  above  cases  of  a  two-phase 
gas-liquid  or  liquid-gas  ejector  working  in  critical  modes,  in  the 
liquid-gas  ejector  another  case  is  possible  -  the  case  where  the 
flow  of  both  streams  at  the  edge  of  the  nozzles  is  subsonic.  This 
case  will  be  thoroughly  examined  in  the  following  chapter. 


78 


4.3.  Cut-Off  Regimes  of  Nozzles 

When  the  ejector  is  operating  in  critical  regimes,  when  the 
characteristic  pressure  ratio  lies  between  amx-°***  (see  Pig.  9b) 
and  (see  Fig.  9n) ,  the  flow  of  one  of  the  working  bodies 

for  the  entire  length  of  the  nozzle  and  the  initial  part  of  the 
mixing  chamber  will  be  subsonic.  Thus,  with  an  increase  in 
counterpressure,  as  compared  to  the  counterpressure  value  corre¬ 
sponding  to  the  limiting  critical  regime,  the  ejection  coefficient 
immediately  begins  to  change  and  the  ejector  shifts  to  a  subcritical 
working  regime.  The  limiting  critical  regime  in  this  case  is 
simultaneously  the  limiting  cut-off  regime  of  the  ejector  (point 
3  in  Pig.  8a,  b,  d,  e) . 

A  different  pattern  is  observed  when  >  o  >  o**»  (see 

Fig.  9d-9l).  In  this  range  of  o  variation  in  the  critical 
regimes  in  the  divergent  part  of  both  nozzles  there  are  regions 
of  supersonic  flow,  through  which  perturbations  cannot  penetrate 
into  the  ejector  inlet.  With  an  increase  in  counterpressure , 
as  compared  to  the  counterpressure  value  corresponding  to  the 
limiting  critical  regime,  the  flow  rate  of  the  mixed  media  do  not 
vary  and  the  ejector  shifts  to  cut-off  regime  in  the  nozzles 
(section  3-4  of  the  vertical  branches  of  the  curves  in  Pig.  8c,  f ) . 
In  these  regimes  in  the  divergent  part  of  at  least  one  of  the 
nozzles  there  develops  a  plane  shock,  which  as  counterpressure 
increases  shifts  toward  the  critical  section.  Finally,  at  a 
certain  counterpressure  value  the  limiting  cut-off  regime  of  the 
nozzle  develops,  in  which  the  plane  shock  reaches  the  critical 
section  of  the  nozzle  (points  4  in  Pig.  8c,  f ) .  With  a  further 
increase  in  counterpressure  subcritical  regimes  develop. 

Possible  flow  schemes  in  the  nozzles  and  in  the  initial  part 
of  the  mixing  chamber  for  the  limiting  cut-off  nozzle  regime  when 
PjhOh  -  Pw01I  are  shown  in  pig.  11. 
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When  o*##  >  o  >  or  in  the  divergent  part  of  the  gas  nozzle 

a  supersonic  flow  (A  ,  =  A_  )  .is  realized,  and  in  the  divergent 

r  i  I  « p 

part  of  the  liquid  nozzle,  which  operates  in  a  cut-off  regime 

(W  =  W  ,  or  W  =  a  )  a  subsonic  nozzle  is  realized, 

w.k  sk’  n.Hf.H  n.m.K  ’ 

where,  depending  on  the  magnitude  of  the  characteristic  pressure 
relationship,  pr^  >  or  pr^  <  pwl  (see  Fig.  11a). 


^  )  6-6f.p/;Vi^Ar.p;prJ=Att;  G) fir.p7>6><=rpB ; Prt -pxil 


it  V. 


d)  6‘6rpt',prl’’Prli*Tl1’Krlmr,  e)®r.pl-’®  >*rpm',pri  -pnxi\  *■)  ®*6r.p»  J  prl  *=/>*.*  I V.* =*1 


*■«  =*rt  min 

Prt  >an.>nf ; 


W5ufc»<tttij«f  ♦  *rf*Xrfmi« 


Fig,  11.  Possible  flow  schemes 

in  nozzles  and  in  initial  part 

of  mixing  chamber  for  limiting 

cut-off  regime  of  nozzles  in  a 

case  where  p  r  >  p  nTT. 

*wOh  —  wOII 

KEY:  (1)  Plane  shock. 


With  a  decrease  in  the  value  of  o  from  a---  to  a  T  and 

r  •  px 

°r.pll  the  flow  pattern  in  the  liquid  nozzle  does  not  change. 

When  o  =  or  a  plane  shock  develops  on  the  edge  of  the  gas  nozzle 
Url  *  1/A^  ,  see  Fig,  lib). 

When  °r  px  >  0  >  ar  pij  the  Plane  shock  is  found  in  the 
divergent  part  of  the  gas  nozzle  (see  Fig.  11c)  and  when  a  -  ar  jj 
is  in  its  critical  section  (see  Fig.  lid).  In  the  range  of  o  varia¬ 
tion  from  or  pII  to  o**#  the  flow  in  the  gas  nozzle  remains 
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invariable; , in  the  divergent  part  of  the  liquid  nozzle  when 

°r.pll  >  0  >  °r.pIII  a  plane  shock  develops  (see  Pig.  lie),  which 
when  o  »  ar.pin  is  lotated  in  its  outlet  section  (see  Pig,  Ilf). 
When  or<pIII  >  a  >  a***  (see  Pig.  llg)  a  supersonic  stream  of 
saturated  vapor  (W^  =  WntW<p  >  a  )  flows  from  the  liquid 
nozzle. 

“  find  the  ValUeS  'W'  ‘V-pIl  ““  °r.pITi. 
that  the  physical  constants  of  the  gas  and  the  liquid,  as  well  as 

the  state  parameters  of  the  liquid  are  assigned,  and  quantity  p 
is  variable.  r°H 

The  streams  which  flow  from  the  nozzles  in  regimes  a  =  o  , 

r .pH  and  a  °r.plll  a**a  subsonic,  and  thus  static  pressures 
in  them  are  identical. 

When  o  =  op#pI  from  condition  Ppl  =  p^,  if  we  use  expression 

(3.15)  and  assume  that  A  -  1/Ar  n  and  v  '  -v,  then  we 

.1  r.p  tIh  rlH.p*  wnen  we  get 


a  _  ^  />,  1 1 

'  ?l - 


%r  +  1  PtS/a 


(4.21) 


where  the  value  of  pwl  Jnax  in  a  case  where  the  compressibility  of 
the  liquid  can  be  ignored  is  found  from  formula  (3.47)  using 
expression  (3.45) . 


F°r /f-pl1  frGin  conaiti°n  Prl  *  Pwl,  using  the  relationship 
°  (3.19),  we  get  the  following  expression: 


D 


9r*ll“ 


Pm.  II 


> 


yr  +  1  PmOm  — 


ri  ra-'n 


fr.%p[~  Or  win) 

\  Yr.t.U 


(4.22) 


Where  Arl  min  and  P*1  njax  are  found  from  (3.18)  and  (3.47). 


Si 


The  quantity  cp  pII-r  can  also  be  found  from  relationship 
(4.22)  if  in  place  of  pwl  max  is  the  static  pressure  pn<wl  or 
p  behind  the  plane  shock,  located  at  the  edge  of  the  liquid 

Hi  X 

nozzle,  where  the  velocity  of  the  supersonic  flow  of  saturated 
vapor  in  front  of  it  is  equal  to  Wn>w>p. 

Now  let  us  assign  the  calculation  order  of  the  flow  parameters 
in  the  inlet  section  of  the  mixing  chamber  for  an  ejectoh  working 
in  a  limiting  cut-off  nozzle  regime  for  different  assignments  of  a. 

If  the  assigned  value  of  a  lies  Detween  o**#  and  op  pI,  then 
the  parameters  of  the  liquid  at  the  edge  of  the. nozzle  are  found 
from  formulas  (3.^5),  (3.46),  and  (3.47),  where  quantities  Gmax, 
v  ,  and  W  are  determined  by  calculating  the  flow  in  the 
convergent  part  of  the  nozzle  in  the  cut-off  regime.  For  a  gas 
flow  in  this  case  we  have 

Ari  — Ar.p  and  Vrm='ri.t.p- 

In  the  case  of  a  T  >  a  >  a  TT  the  flow  parameters  on  the 
r.pl  r.pll 

edge  of  the  liquid  nozzle  are  found  Just  as  in -the  preceding  case. 

To  determine  the  parameters  of  the  gas  flow  on  the  edge  of 

the  nozzle  a  series  of  values  are  assigned  for  reduced  velocity  Ap^ 

ranging  from  1/A  to  A  .  .  .  From  formula  (3.17)  we  find 

r  .  p  r  i  mm 

corresponding  values  for  the  coefficient  of  pressure  recovery 

v  ,  ,  and  then  the  values  of  static  pressure  p1=pnv,p(A-). 
tIh*  *r l  ^tOh  tIh^  rl 

The  values  sought  for  Apl  and  vplH  are  found  thereafter  from  the 
condition  prl  =  p^. 

In  a  case  where  the  defined  value  of  o  lies  between  a  TT 

•  p  1 X 

and  °r.pIII  (ArI  =  Vl  min^*  quantity  vr}H  and  static  pressure 
p_.  =  P.-T  in  the  limiting  cut-off  regime  of  the  ejector  are 
found  from  (3 .18),  (3.17),  and  (3.19).  The  flow  parameters  on 
the  edge  of  the  liquid  nozzle  are  found  from  calculating  the  flow 
in  the  nozzle  in  the  presence  of  a  plane  shock  in  its  divergent 
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part  from  condition  =  Pr^  or  PntWi  =  Pri*  T^fc  calculation  is 
performed  as  follows; 


1)  the  parameters  of  state  and  velocity  of  the  flow  in  a 

critical  section  of  the  liquid  nozzle  in  its  cut-off  regime  are 
found,  and  then  quantity  G  is  calculated; 

m  Iuoa 

2)  assuming  that  a  liquid  flows  from  the  nozzle  (x^  =  0), 
then  from  formula  (3.45)  we  find  the  outflow  velocity  Wwl,  and  then 
from  expression  (3.46),  assuming  that  =  Prj»  we  find  the 
quantity  PWQ2»  after  which  from  expression  (3.30b)  we  find  the 
temperature  of  the  liquid  Twl>  If  quantity  ppl  exceeds  pgl  at 

,  then  the  calculation  ends  here; 


3)  if  p  <  p  , ,  then  from  the  nozzle  flows  saturated  vapor, 
whose  state  parameters  and  outflow  velocity  are  found  as  follows . 
From  the  assigned  value  .  -  p  ,  from  the  saturated- vapor  tables 
we  find  the  quantities  v£,  v”,  i£,  i£,  after  which  from  expressions 
(3.^1)  and  (3.44)  we  find  the  quantities  in>wlf  vn,wl(k'rr\.ml^  and 
from  formula  (3.40)  we  find  the  value  W_  . 

FI  f  mX 


When  a  >  a  >  a ***  the  parameters  on  the  edge  of  the 

r • pill 

gas  nozzle  are  determined  just  as  in  the  preceding  case.  Here 
the  liquid  nozzle  works  in  the  calculated  supersonic  outflow 
regime  >  aniia>. 


In  the  particular  case,  when  the  gas  nozzle  is  divergent, 

and  the  liquid  nozzle  convergent,  the  cut-off  regimes  of  the  nozzle 

can  develop  in  a  range  of  o  variation  from  a  T  to  o  TT. 

r.pl  r.pii 

Quantity  a „  x  and  o_  x T  are  found  from  condition  p  ,  =  p  , ,  where 
r .pi  r.pii  rrl  rwl’ 

in  both  cases  the  liquid  nozzle  works  in  the  cut-off  regime 
(W  *  Wgl  or  Wn  =  an  wl) .  In  this  case,  when  the  gas  nozzle 
is  convergent  and  the  liquid  nozzle  divergent,  the  cut-off  regimes 
of  the  nozzles  are  realized  at  values  of  o  wnich  lie  in  the  range 
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of  °r.pll  >  5  >  'i-. pill*  ln  d6termlnlnE  value  VpII  and  °r.PIII 
we  assume  that  Prl  s  Pw1  and  ^_i  “ 

In  an  ejector  with  convergent  nozzles  the  cut-off  regimes 
of  the  nozzles  can  develop  in  a  case  where  6  >  0.  In  the  limiting 
cut-off  regime  of  the  nozzles  in  this  case  Xrl  =  1,  Wwl  =  W  ^  or 
Wn  wl  =  an  wl  (which  depends  on  the  magnitude  of  Pw0h)»  while 
pressure  p1  in  the  stagnant  regions,  which  develop  near  the 
dull  edges  of  the  nozzles,  Is  equal  to  the  lesser  of  pressures 
(prl  or  Pwl)  on  the  edge  of  the  nozzle.  The  cut-off  regimes  of 
the  nozzles  in  this  case  are  realized  in  a  range  of  a  variation 
from  o-p  at  which  pp1  >  pwl,  to  o2,  at  which  prl  <  pwl>  Quantities 
and  o2  are  found  from  the  equations  of  the  critical  regime  (4.5) 
(4.7),  and  (2.10),  respectively,  under  conditions 

Xrl  —  1;  Wn.»<2~ (^m!~ ^>i<i ** ®»l) 
and  =  ^»l) i  Xrt^Xri  —  1. 

4.4.  Subcritical  Regimes 

♦ 

Let  us  examine  a  two^phase  ejector  operating  in  subcritical 
regimes,  where  with  a  change  in  counterpressure  there  is  a 
corresponding  change  in  the  flow  rate  of  the  mixed  media  and, 
consequently,  ln  the  ejection  coefficients.  In  these  regimes, 
just  as  the  critical  regime  studied  above  and  the  cut-off  regimes 
of  the  nozzles,  depending  on  the  magnitude  of  the  characteristic 
pressure  ratio  o,  various  flow  patterns  can  develop  in  the  nozzles 
and  In  the  Initial  part  of  the  mixing  chamber  (?ig.  12).  Analysis 
of  these  patterns  enables  us  to  find  the  conditions  which  relate 
the  flow  parameters  on  the  edge  of  the  nozzles . 

At  values  of  a  which  exceed  the  quantity  a  _  a  supersonic 

f”  •  p±wu 

flow  (Xp^  =  V.p*  see  *s  realize(*  in  divergent 

part  of  the  gas  nozzle  over  the  entire  range  of  possible  change  in 
the  ejection  coefficient  from  K  *  »  (pwl  =  pwQh)  to  K  =  Kg, 
which  corresponds  to  the  cut-off  regime  of  the  ejector. 


(1)  rtpUMOU  CXdVOK 


(1)  fy'BMU  CXQtOX- 


I7  |2 


a)  Xr»  =*rp;  1»5k,»c  b)  Xrt«=»/\r.pj  H^xi=0;  c)/A-r.p>*iJ>Xr»mui;  pri==pxi) 
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Fig.  12,  Possible  flow  schemes  in  nozzles  and  in  initial  part 
of  mixing  chamber  in  subcritical  regimes. 

KEY:  (1)  Plane  shock. 
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The  quanity  of  pIw0»  which  corresponds  to  the  regime  in  which 
the  flow  pattern  shown  in  Pig.  12b  is  realized,  can  be  found  from 


formula 


(4.23) 


At  values  of  a  which  lie  between  <?r  pIw0  and  or<pj  (see 
Fig.  12d) ,  which  is  determined  from  formula  (4,21),  depending  on 
pressure  on  the  edge  of  the  liquid  nozzle  two  different  flow 
schemes  can  devleop.  In  a  variation  range  of  pwl  from  pwl 
[relationship  (3.47)3  to  Pwla»  v/hich  is  determined  from  formula 


*r.+  l  5 


ilt  )op*o*Ti  ±  ^  _  ( 4 . 24 ) 


a  supersonic  stream  (Arl  =  Ap  ,  see  Fig.  12a)  flows  from  the 
gas  nozzle. 

When  pwla  >  pwl  >  pwQh  in  the  divergent  part  of  the  gas 
nozzle  a  plane  shock  develops  (see  Fig.  12c) j  subcritical  regimes 
are  in  this  case  calculated  by  means  of  (3.17). 

When  ar  pj  >  a  i  ar  piiwO  the  *low  scheme  shown  in  Fig,  12c 
is  realized  over  the  entire  range  of  possible  change  in  the 
ejection  coefficient  («>  >  K  >  K^).  In  this  case  the  subcritical 
regimes  are  also  calculated  by  means  of  (3.17).  Quantity  ar  pjjwo 
(see  Fig.  12e)  can  be  found  from  formula 


3r.Fii«o-XT  +  1  3 


f r.upf  )  T  (Xft  min) 


(4,25) 


Depending  on  quantity  Pw^*  two  flow  schemes  correspond  to 
the  values  of  a  which  lie  between  or  pIjw0  and  ar  pII  (see  Fig.  12g), 
which  is  determined  by  (4,22).  With  a  change  in  pressure  on  the 
edge  of  the  liquid  nozzle  from  pwl  max  [relationship  (3.47)]  to 


wIb* 


determined  from  formula 


/ 


_  _ *r  *fr  1  “i  I  1 

P*u - 5  Jt.kP  ( — 

*  \?r.K, 


~) 


°AkOii 


T  OtIiiiIii) 


l 


rlmhi 


(4.26) 


the  flow  scheme  shown  In  Pig.  12c  develops.  With  a  change  in 
pressure  on  the  edge  of  the  liquid  nozzle  from  PwlB  to  pw0h  over 
the  entire  length  of  both  nozzles  the  flow  is  subsonic  (see 
Pig,  12f ) .  An  additional  condition  enabling  us  to  calculate  these 
regimes  will  be  pp^  *  p^. . 


When  o_  T T  >  o  >  o_  ,T_n  with  a  decrease  in  the  static 
r.pll  r.pIIrO 

pressure  of  the  gas  on  the  edge  of  the  nozzle  from  prQH  to  prl  = 

=  Pwl  max  [relationship  (3.47)3  the  flow  in  both  nozzles  is  subsonic 
(see  Fig.  12f ) .  With  a  further  decrease  in  quantity  prl  from 

prl  *  p>h1  max  to  prl  max ^[relationship  (3.19)3  in  the  divergent 
part  of  the  liquid  nozzle  a  supersonic  flow  of  saturated  gas 
develops  which  is  shut  off  by  the  plane  shock  (see  Pig.  12h). 


The  flow  pattern  for  the  regime  a  ~  ar  pjjr0  Is  shown  in 
Pig.  121  In  this  regime  prl  -  Pr0H  Url  -  °>  and  pMl  -  pal  ]naJt 
Quantity  pr  pIIr0  is  found  from  the  obvious  relationship: 


°r.pl  IrO  ~  Pml  m«i/ Pm o»* 


(4.27) 


Quantity  p  -  ,  contained  in  this  relationship,  is  found 

mi  max 

from  (3.47) , 


The  flow  scheme  shown  in  Pig,  12h  is  also  realized  when 

ar.pIIrO  >  a  >  ar.plII  over  the  entire  range  of  change  in  the 
ejection  coefficient  (from  K  =  prl  «  pr0H  *  pwl  to  Kj,  prl  = 

85  prl  max^  *  The  flow  Pattern  for  regime  a  =  or  pIII  is  shown  in 

Pig.  12j ,  Quantity  ar  can  be  found  from  formula  (4,22),  where. 

in  place  of  p  .  „„„  we  should  substitute  static  pressure  p 

wi  max  ^n.wln.c 

behind  the  plane  shock,  which  develops  in  the  outlet  section  of 
the  liquid  nozzle  (see  Pig.  12Z). 
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In  the  range  of  a  variation  from  o  TTT  to  o 
,  „  r .pill  r.pIIIrO* 

determined  from  formula 


tfr. plUtO 


Ai.xln.c 
'  * 
Pm Oh 


(4,28) 


three  flow  schemes  are  possible.  When  Pr0H  >  Pr^  >  Pn  w^n  c 
a  flow  with  a  plane  shock  develops  in  the  liquid  nozzle  (see 
Pig.  12h)  and  when  Pn  wlrltC  >  Prl  >  Prl  max  a  supersonic  stream 
of  saturated  vapor  flows  from  the  liquid  nozzle  (see  Pig.  12k). 

The  flow  pattern  shown  in  Fig.  12k  when  o  <  or  pIjIro  ,is  realized 
for  the  entire  possible  range  of  change  in  the  ejection  coefficient 
(from  K  =  0  to  K  =  K^) . 

Having  determined  which  of  the  possible  ranges  of  change  in 
characteristic  pressure  ratio  contains  the  assigned  value  of  a, 
then,  if  we  use  the  conditions  described  above  and  the  relation¬ 
ships  which  determine  the  flows  in  the  nozzles  (see  Chapter  3), 
then  we  can  find  the  flow  parameters  on  the  edges  of  the  nozzles 
for  the  entire  possible  range  of  change  in  the  ejection  coefficient 
and,  finally,  by  using  the  ejection  equation  we  can  find  dependences 
Pc0l,(K)  and 

4.5.  Cut-Off  Regimes  of  Mixing  Chamber 

Analysis  of  the  ejection  equation  system  shows  that  In  a 
two-phase  ejector  with  fixed  geometry  the  critical  regimes  and 
the  cut-off  regimes  of  the  nozzles  can  only  be  realized  in  a 
certain  range  of  change  in  the  parameters  of  state  of  the  gas  and 
the  liquid  at  the  nozzle  inlet.  Within  this  range  the  ejection 
equations  for  conditions  at  the  inlet  to  the  mixing  chamber, 
which  correspond  to  critical  regimes  and  cut-off  regimes  of  the 
nozzles,  do  not  have  solutions}  the  subradical  expression  in 
(2.18),  which  determines  the  velocity  of  the  mixture  in  the  outlet 
section  of  the  mixing  chamber,  becomes  negative. 
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The  cut-off  regime  of  the  ejector  is  in  this  case  the  cut-off 
regime  of  the  mixing  chamber,  in  which  the  subradical  expression 
in  relationship  (2.18)  reverts  to  zero,  which  corresponds  to 
fulfillment  of  condition  =  a^  =  1).  With  a 

decrease  in  counterpressure  from  the  value  corresponding  to 
regime  K  =  0  or  K  =  »  (point  6  in  Pig.  8),  in  this  case  even 
before  the  advent  of  the  critical  regime  ('.point  3  in  Pig.  8}  or 
the  cut-off  regime  of  the  nozzles  (point  in  the  same  figure)  the 
mixing  chamber  (point  5’)  can  be  cut  off,  and  thus  with  a  further 
decrease  in  counterpressure  quantity  K  becomes  invariable,  while 
the  total  pressure  of  the  mixture  decreases  accordingly  (sections 
5* -7  of  the  curves  in  Pig.  3). 

The  cut-off  regime  of  the  mixing  chamber  can  also  develop  in 
a  range  of  counterpressure  variation  corresponding  to  the  cut-off 
regimes  of  the  nozzles  (point  5'  in  Fig.  8f ) .  The  boundary  of 
the  region  of  cut-off  regimes  of  the  mixing  chamber  corresponds 
to  the  values  of  the  state  parameters  of  the  gas  and  the  liquid 
at  the  ejector  inlet  at  which  the  conditions  of  the  critical 
regime  or  the  cut-off  regime  of  the  nozzles  and  the  cut-off  regime 
of  the  mixing  chamber  are  fulfilled  simultaneously.  i 

i 

I 

1 

i 

! 
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CHAPTER  5 


SOME  OPERATIONAL  PECULIARITIES 
OF  A  LIQUID-GAS  EJECTOR  WITH 
CONVERGENT  NOZZLES 

Let  us  study  more  thoroughly  the  work  of  a  liquid-gas 
ejector  with  convergent  nozzles  whose  edges  are  of  zero  thickness. 

5.1.  Subcritical  Regimes 

-  When  a  liquid-gas  ejector  with  convergent  nozzles  operates 
in  subcritical  regimes  three  flow  schemes  are  possible  in  the 
nozzles  and  in  the  initial  part  of  the  mixing  chamber: 

1)  when  both  flows  are  subsonic; 

2)  when  the  gas  nozzle  is  choked; 

3)  when  the  liquid  nozzle  is  choked. 

In  the  first  case  an  additional  condition  to  the  system  of 
ejection  equations  is  the  condition  of  equality  of  static  pressures 
on  the  edges  of  the  nozzles  (prl  =  pwl  or  prl  =  p  x),  in  the 
second  case  -  condition  A  2  =  1,  and  in  the  third  -  the  condition 

“  Ws  1  or  Wn.wl  s  an,wl'  pcssible  flow  schemes  in  the  initial 
part  of  the  mixing  chamber  for  these  cases  are  shown  in  Fig.  13. 
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Fig*  13.  Possible  flow  schemes  in  initial  part 
of  mixing  chamber  of  liquid-gas  ejector  with 
convergent  nozzles  in  subcritical  regimes. 


In  the  case  where  Pr01Pr(D  >  Psi  and  pr0H  <  pw0h,  condition 

P(*i  =  pml  is  fui^iiled  in  a  range  of  variation  in  the  outflow 

velocity  of  the  liquid  from  the  minimal  value  of  W  .  .  .  which 

ml  min 

corresponds  to  regime  A  -  =0,  to  the  maximal  value  of  W.  , 

*  **•  wx  max  * 

in  which  Apl  -  1  (see  Pig.  13a) }  when  prQH  >  p  this  condition 

is  fulfilled  in  a  range  of  variation  in  W  -  from  zero  (A  ,  .  )  to 

wi  rl  min 

Wwl  max  (Arl  *  X)  *  At  values  Wwi  whlch  e*ceed  max  the 
condition  Ap^  *  1  is  fulfilled}  here  the  sonic  gas  flow  suddenly 
expands  in  the  initial  section  of  the  mixing  chamber  and 
constricts  the  stream  of  .Hquid  (see  Fig.  13b). 


In  a  case  where  Pr01Pr(l)  <  Psl,  condition  p  =  p  is 
fulfilled  at  values  of  Ap^  which  lie  between  zero  (when  Ppqh  < 

<  pw0h^  or  quantity  Apl  roin  (when  pr0H  >  Pw0h),  determined  from 

W0h *  and  the  quantity  Apl  which  is 


condition  ppl  *  p 


max' 


determined  when  pm0h  >  P)#0II  from  relationship  p(lpl  mx>  = 

Psl^PrOl*  ^'len  PwOII  *  P«,0h  >  Pgi »  this  quantity  is  determined 

from  formula  p(A.  )  *  p  ,  ,  /p  ,  where  n  i 

rl  max'  Hn.wl  min/vr01*  wnere  p  ,  .  is 

found  from  condition  W  .  -  a„  . 

n  •  wx  n  i  jhj. 


V  *  «*  oonalt;lon  «wl  ■  «el.  op  W  -  -niBl 


=  a. 


,  .  —  -  mj.  H  i  ml  I  i .  mjl 

is  fulfilled}  in  the  initial  part  of  the  mixing  chamber  there  is 
a  sudden  expansion  of  the  supersonic  stream  of  saturated  vapor 
and  a  contraction  of  the  subsonic  stream  of  gas  (see  Pig.  13c). 


Q  1 


5.2.  Critical  Regimes  and  Cut-Off 
Regimes  of  Mixing  Chamber 


Theoretical  analysis  of  flow  conditions  in  the  mixing 
chamber  of  the  ejector  indicate  that  a  supersonic  flow  of  the 
mixture  of  gases  is  possible  only  when  at  least  one  of  the 
flows  mixed  in  the  outlet  section  of  the  nozzles  or  in  the  initial 
part  of  the  mixing  chamber  is  supersonic.  In  a  case  where  both 
flows  at  the  inlet  to  the  mixing  chamber  of  the  ejector  are 
subsonic,  a  supersonic  flow  of  the  mixture  is  impossible,  since 
this  would  contradict  the  second  law  of  thermodynamics  (the  entropy 
of  the  mixture  becomes  less  than  the  total  entropies  of  the 
mixed  gases).  This  is  explained  by  the  fact  that  the  critical 
velocity  of  the  mixture  always  lies  between  the  critical  velocities 
of  the  high-pressure  and  the  low-pressure  gases,  and  thus  the 
transition  to  the  supersonic  region  of  the  flow  at  subsonic 
velocities  of  the  mixed  streams  is  only  possible  as  a  result  of 
the  development  of  an  expansion  shock. 

As  indicated  above,  in  gas-liquid  and  liquid-gas  ejectors 
with  divergent  nozzles  the  supersonic  flow  of  the  mixture  which 
corresponds  to  an  ejector  working  in  critical  regimes,  can  also 
develop  in  a  case  where  one  or  both  of  the  streams  in  the  initial 
part  of  the  mixing  chamber  is  supersonic  (see  Pig.  9).  in  the 
particular  case  of  an  ejector  with  convergent  nozzles  the  flow 
schemes  shown  in  Fig.  Hi  can  correspond  to  the  critical  regimes, 
depending  on  the  parameters  of  state  of  the  gas  and  the  liquid/ 

When  pr01pr(1)  >  psl  (see  Pi«‘  14a)  in  critical  regimes  the 
velocity  of  the  gas  on  the  edge  of  the  nozzle  is  equal  to  the 

local  speed  of  sound  (Apl  =  1),  where  Ppl  >  p  m  the  Initial  ■ 
part  of  the  mixing  chamber  there  occurs  a  sudden  expansion  of 
the  gas  stream,  whose  velocity  in  section  2  becomes  supersonic 
Ur2  >  1).  The  stream  of  liquid  between  sections  1-2  is  compressed 
and  its  velocity  rises  to  the  maximal  possible  value  (w  =  w 

0r  Wn.w2  =  an,w2^  *  When  PfOlM1)  Psi  (see  Fig.  14b)  in  the2 
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or 


critical  regime  the  liquid  nozzle  is  cut  off  (W^  -  Wg^, 

Wn.wi  "  ^.ml5*  and  pwl  >  prl *  Between  sections  1-2  of  the 
mixing  chamber  a  supersonic  stream  of  saturated  vapor  develops 
(Wn  m2  >  an  m2^*  which*  as  expands,  compresses  the  gas  stream, 
and  thus  the  velocity  of  the  latter  in  the  cut-off  section  becomes 
equal  to  the  speed  of  sound. 


iz 


t~rrrr, f/  ■ 


\2 

a)  Vs* ;  Pr^pmi"'  k)  w\Kf,v/si  ^wny»ran«^‘ 

Pmi>Pni*rr’l 

Ar;>;  Wn.w?>an.w2 


Fig.  14.  Possible  flow  schemes  in 
critical  regimes  for  liquid-gas 
ejector  with  convergent  nozzles. 


An  interesting  feature  of  the  liquid-gas  ejector,  which 
distinguishes  it  from  the  gas  and  gas-liquid  ejectors,  is  the 
fact  that  under  certain  conditions  critical  regimes  can  develop 
in  it  at  subsonic  velocities  of  the  gas  and  liquid  flows.  This 
is  explained  by  the  fact  that  the  speed  of  sound  in  the  two-phase 
gas-liquid  mixture  can  be  considerably  lower  than  the  speed  of 
sound  in  its  components.  For  example,  when  t  «  15°C;  p_  =  0.1 

p  ^  “ 

kgf/cm  and  K  *  10“  -10“  the  speed  of  sound  in  an  equllibirum 
water-air  mixture  varies  in  a  range  from  5  to  30  m/s,  while  under 
the  same  conditions  the  speed  of  sound  in  water  is  equal  to 
1*100  m/s,  and  3^0  m/s  in  air  (see  Fig.  1)  . 

The  conversion  of  subsonic  gas  and  liquid  flows  into  the 
supersonic  flow  of  the  two-phase  mixture  in  the  mixing  chamber  of 
the  ejector  can  therefore  occur  as  a  result  of  the  drastic  decrease 
in  the  speed  of  sound  in  the  process  of  the  formation  of  the 


mixture,  rather  than  from  the  increase  in  the  velocities  of  the 
gas  and  liquid  particles. 

To  illustrate  this  Figs.  15,  16,  and  17  show  three  possible 

flow  schemes  in  the  mixing  chamber  for  a  liquid-gas  ejector, 

which  correspond  to  the  ejector  operating  in  regimes  in  which  the 

velocities  of  the  gas  and  liquid  streams  are  subsonic  and  differ 

insignificantly  from  one  another  (Wpl  %  Wml) .  In  this  case  the 

mixing  of  the  gas  and  liquid  streams  occurs  at  almost  invariable 

values  of  static  pressure  pc  (pQ  %  prl- =  Pwl)  and  velocity 

W  (W  £  W  .  ^  W  along  and  across  the  mixing  chamber.  The 
c  c  wi  r  jl 

speed  of  sound  a„  and  number  M  of  the  two-phase  gas-liquid  flow 

c  c 

(hatched  regions  in  Figs .  15-17)  in  this  case  change  only  in 
connection  with  the  change  in  the  relative  concentration  of  gas 
in  the  .mixture,  described  by  the  quantity  K  =  Gr/Gw* 

Between  sections  I-III  of  the  mixing  chamber  the  stream  of 
liquid  is  broken  up  into  drops  and  a  steadily  expanding  two-phase 
flow  region  is  formed,  which  borders  on  the  flow  regions  of  the 
liquid  and  the  gas  (dashed  lines).  Between  section  III,  in  which 
there  are  no  longer  individual  streams  of  gas  and  liquid,  and  the 
outlet  section  of  the  mixing  chamber  there  occurs  a  total  mixing 
of  the  gas  and  liquid  particles  and  the  formation  of  a  homogeneous 
two-phase  gas-liquid  flow. 

In  arbitrary  section  II  in  the  region  between  points  1  and  2 
flows  a  supersonic  gas  stream  (Mr  %  Mrl  <  1),  while  between 
points  5  and  6  -  a  subsonic  liquid  stream  (Mw  ^  Mwl  <<  1),  Between 
points  2  and  5  flows  a  two-phase  gas-liquid  flow,  and  the  magnitude 
of  ratio  G  /G  varies  from  00  on  the  boundary  with  the  gas  stream 
(point  2)  to  zero  on  the  boundary  with  the  liquid  stream  (point  5). 
Since  static  pressure  over  the  section  of  the  mixing  chamber  does 
not  change,  then  the  speed  of  sound  in  the  mixture  a„  with  the 
transition  from  point  2  to  point  5  first  decreases  from  a  value  of 

a„  =  a_  to  a  certain  minimal  value  of  a„  .  .  and  then  rises  to  a 
c  r  c  min* 

value  of  a„  *  a,„.  Number  first  rises  from  M  =  M  to  a  certain 
c  w  c  c  r 

maximal  value  of  _  and  then  decreases  to  M  «  M  . 

c  max  c  w 
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If  the  velocity  of  the  mixture  flow  Wc  (dashed  line  in  Pig.  1) 

is  less  than  ac  min  for  a  given  value  of  pc  (see,  for  example 

curve  a  (K)  when  p  =  10  kgf/om2  in  Pig.  1),  then  the  velocity  of 
c  c 

the  two-phase  flow  of  the  mixture  will  be  less  than  the  speed  of 
sound  over  the  entire  range  of  change  in  ratio  6/6  from  00  (points 
2$  1  in  Fig.  1)  to  zero  (points  6}  5  in  Fig,  1),  Since  quantities 
p  and  W  along  the  mixing  chamber  remain  virtually  unchanged, 
then  in  the  studied  case  the  flow  of  mixture  will  be-' subsonic 
for  the  entire  length  (solid  lines  in  curves  of  Fig.  1?).. 

As  the  pressure  of  the  mixture  decreases  at  Wc  *  const  this 
flow  pattern  is  preserved  up  to  the  moment  when  quantity  ac 
becomes  equal  to  W  [curve  a  (K)  in  Fig,  1  touches  line  W  =  const 


at  point  K, 


c  min 


].  If  in  this  case  the  assigned  value  of  the 


,  then, 


ejection  coefficient  K  ■  6_  does  not  equal  K  .  ,  then, 

r,H  W,H  ■  ac  min 

as  follows  from  Fig,  1,  the  flow  in  the  outlet  part  of  the  mixing 
chamber  (sections  III  and  IV  in  Fig.  17)  will  be  subsonic.  Here 
the  velocity  of  the  mixture  reaches  the  speed  of  sound  only  in 
the  initial  part  of  the  mixing  chamber  along  a  certain  line  (the 
dash-dot  curves  in  Fig.  17). 


In  a  case  where  G,_  „/ 6 _  *  K_  ,  the  velocity  of  the  flow 

r,H  w,n  ac  min 

In  the  outlet  section  of  the  mixing  chamber  is  equa.1  to  the  speed 

of  sound,  and  for  the  entire  length  there  exists  a  line  (or  a 

narrow  region)  on  which  W_  =  a  (dotted  curve  in  Fig.  17). 

c  c 

At  even  lower  values  of  the  mixture  curve  a_(G_/G  )  intersects 

C  I  JH  q 

line  W  »  const  at  two  points  [curve  a  (G  /G  )  at  p  =1  kgf/cnr 

C  G  I  Hi  C 

in  Fig.  1],  Here,  in  the  range  of  variation  of  ratio  G  /G  from 

1  Hi 

the  value  corresponding  to  point  3  to  the  value  corresponding  to 

point  4  (see  Fig,  1  and  also  Figs,  15  and  16)  the  flow  of  the 

mixture  is  supersonic.  If  the  assigned  value  of  the  ejection 

coefficient  lies  between  quantities  (G_/G  )_  and  (G_/G  ) ,,  (point  Cf 

in  Fig.  1),  then  the  range  of  supersonic  flow  of  the  mixture 

extends  the  entire  length  of  the  mixing  chamber,  so  that  M  ,  >  1 

c  j 


/ 

i 


I 


(see  Pig,  15).  If,  however,  K  <  (G^G^  or  K  >  (Gr/Gw>3 
(points  C"  and  C" *  in  Pig.  1),  then  the  range  of  supersonic  flow 
exists  only  in  the  initial  part  of  the  mixing  chamber,  while  the 
flow  at  the  outlet  from  the  mixing  chamber  will  be  subsonic 
(see  Fig.  16),  It  is  interesting  to  note  that  the  transition  from 
the  supersonic  region  of  the  flow  to  the  subsonic  in  the  last 
case  is  accomplished  without  shocks  and  only  as  the  result  of  a 
change  in  the  distribution  of  the  relative  content  of  gas  in  the 
mixture . 


For  the  purpose  of  showing  the  operational  peculiarities  of 
the  liquid-gas  ejector  with  convergent  nozzles  in  critical  regime, 
the  results  of  calculating  the  parameters  of  the  mixture  for  a 

p 

water-air  ejecr.or  at  a  -  3.3;  5"  =  0}  pw0h  =  5  kgf/cm  j  Tw>H  = 

=  ^rQII  =  288°K  and  several  total-pressure  values  of  the  ejected 
gas  are  presented  below.  For  the  sake  of  simplicity  in  the 
calculation  it  was  assumed  that  in  the  initial  part  of  the  mixing 
chamber  vapor  from  the  liquid  is  absent,  the  liquid  contains  no 
dissolved  gases,  and  the  flow  in  the  nozzles  occurs  without 
total-pressure  losses.  The  results  of  calculating  the  parameters 

O 

of  the  mixture  at  pp0H  *  3}  1.0  and  0.1  kgf/cm  are  shown  in 
Table  1  and  in  Figs.  18,  19,  and  20. 


If  we  examine  Figs,  18-20  we  see  that  at  the  assigned 
parameters  of  state  of  the  gas  and  the  liquid  at  the  nozzle  Inlet 
and  fixed  geometrical  parameter  of  the  ejector  the  formal  solution 
of  the  ejection  equations  provides  for  each  value  of  the  ejection 
coefficient  two  velocity  values  for  the  mixture  (W^  am*  and 

two  values  for  the  speed  of  sound  in  the  mixture  (a^3  and  ajj^), 

where  >  and  Mc3  =  ^Wc3/'ac3^  <  1  ^see  Table  D* 

With  an  increase  in  the  ejection  coefficient  the  difference  between 
the  velocities  of  the  mixture  W^»  and  the  speeds  of  sound 
ac3  and  ac3  ^ecreases  and,  finally,  at  a  certain  value  of  the 
ejection  coefficient  it  becomes  equal  to  zero  (W^  =  W^  =  a^  = 

*  a”^;  M ^  -  MJ3  *  1,  points  a  in  Figs,  18-20).  At  values  of 
the  ejection  coefficient  which  exceed  the  quantity  corresponding 
to  point  a,  the  ejection  equations  do  not  have  a  solution. 
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Table  1.  Results  of  calculating  flow  in  the  outlet  section  of  a  mixing 


Fig.  18.  Results  of  calculating  parameters  of  mixture 
at  outlet  from  mixing  chamber  of  water-air  ejector  at 

°  *  3.3;  7  -  P»0H  ■  5  *gf/cm2j  Tm_h  =  Tr0H  *  280°K 
and  pr0H  =  3  kgf/cm2. 

Designations i  M/cen  »  m/sj  kT/cm2  =  kgf/cm2 j  aT  *  at. 


Fig.  19.  Results  of  calculating  parameters  of  mixture 
at  outlet  from  mixing  chamber  of  water-air  ejector  at 

a  -  3.38  t  -  08  Pw0h  -  5  kgf/cm2 j  =  Tr0H  -  280°K 

and  pr0H  =1.0  kgf/cm  , 

Designations;  m/csh  =  m/sj  kT/cm2  =  kgf/cm^ j  at  =  at. 
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Pig.  20,  Results  of  calculating  parameters  of  mixture 
at  outlet  from  mixing  chamber  of  water-air  ejector  at 

«  -  3-3!  t  -  0,  pw0H  .  5  kgf/cm2s  -  Tp0H  -  260°K 

and  pr()H  «  0,1  kgf/cnr . 

As  the  total  pressure  of  the  ejected  gas  decreases  from 

p 

3  to  0.1  kgf/cm  the  maximal  possible  value  of  the  ejection 
coefficient,  which  corresponds  to  the  cut-off  regime  of  the 
mixing  chamber,  decreases  steadily  -  from  0.0185  to  0.0019,  while 
the  velocity  of  the  mixture,  which  is  equal  to  the  critical  speed 
of  sound,  decreases  from  43,43  to  19.84  m/s.  From  Pigs.  18-20  it 
follows  that  when  pp0H  *  const  the  velocity  of  the  liquid  at  the 
edge  of  the  nozzle  is  virtually  independent  of  the  ejection 
coefficient,  while  the  velocity  of  the  gas  with  an  increase  in  the 
ejection  coefficient  from  zero  to  rises  according  to  a  nearly 
linear  law  from  zero  to  Wrl  raax»  which  exceeds  the  velocity  of 
the  liquid. 

At  a  certain  value  of  K,  which  depends  on  the  total  pressure 
of  the  gas  Pr0H#  the  velocities  of  the  gas  and  the  liquid  at  the 
edge  of  the  nozzle  becomes  the  same  and  equal  to  the  velocity  of 
the  mixture  in  the  outlet  section  of  the  mixing  chamber  (point  b 
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in  Pigs.  18-20).  When  Pr0H  >  1  kgf/crn  point  b  lies  on  curve  W^OO» 
which  corresponds  to  the  subsonic  flow  of  the  mixture  (Wr^  =  = 

=  Wc3^*  and  when  prOH'£  1  kS f/cm2,  it  lies  on  curve  W^UO,  which 
corresponds  to  the  supersonic  flow  of  the  mixture  (Wrl  =  Wwl  =  W^). 
As  total  pressure  of  the  ejected  gas  decreases  from  3  to  0.1  kgf/cm2 
the  speed  of  sound  ac3  in  regime  Wpl  -  Wwl  =  Wc3  decreases,  and  the 
velocity  of  the  mixture  Wc3  in  the  outlet  section  of  the  mixing 
chamber  increases.  Thus,  the  number  Mc3  increases  steadily  (from 

Mc3  =  Mc3  =  0,1,9  at  prOH  =  ^  kgf/cm2  to  Mc3  =  1  at  a  value  of 
prOH  which  somewhat  exceeds  1  kgf/cm2,  and  to  Mc3  *  4.19  at  pr0H  = 
=0.1  kgf/cm2)  (see  Table  1). 

In  order  to  determine  the  physically  possible  operational 
regimes  of  the  ejector  Pigs.  21  and  22  show  dependences  n"  (K) 
and  nH3^K^  for  a  numher  of  values  of  pr()H  and  regions  where 
nH3  >  °»  obtained  from  the  same  calculation.  At  values  of 
prOH  which  are  equal  to  3  and  4  kgf/cm2,  as  follows  from  Pig.  21 
and  Table  1,  a  subsonic  flow  of  the  mixture  at  the  outlet  from 
the  mixing  chamber  is  physically  possible  for  the  entire  range 
of  variation  in  the  ejection  coefficient  from  zero  to  K3>  since 
at  no  place  does  quantity  n"  exceed  unity. 
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Fig.  21.  Dependences  of  n"  (K)  and  n»  (K)  for  water-air 

no  r13  _ 

ejector  at  pp0H  *  3  kgf/cm^  and  pr0H  *  4  kgf/cm2. 
Designation:  kT/cmS  =  kgf/cm2. 


n  no 


Pig.  22.  Dependences  nJ[3(K)  and  nJg(K)  for  water-air  ejector  at 

values  of  p  n  equal  to  0,1,  0.3,  and  1.0  kgf/cm2. 

r-  uh  P  2 

Designation:  HT/cr.  =  kgf/cm  . 

With  an  increase  in  the  ejection  coefficient  from  zero  to 
the  value  corresponding  to  regime  Wrl  =  Wwl  =  (point  b),  the 
efficiency  of  the  ejector  steadily  increases  from  zero  to  unity, 
but  with  a  further  increase  in  the  ejection  coefficient  quantity 
n"  decreases  to  a  certain  minimal  value  corresponding  to  the 

M  3 

cut-off  regime  of  the  mixing  chamber  (point  a).  In  a  case  where 
Pp Oh  *  3  kgf/cm  the  efficiency  value  in  regime  K  =  *  0.0185 

is  greater  than  zero  (o'*  *  0.566) j  in  a  case  where  p_Au  =  4 
kgf/cin  in  a  range  of  variation  in  the  ejection  coefficient  from 
0,0335  (point  f)  to  K  =  K.  =  0.0^83  efficiency  becomes  negative. 

j  2 

The  range  of  negative  values  of  rj”  at  p  n  =  *1  kgf/cm  corresponds 
to  the  physically  possible  regimes  in  which  total  pressure  of 
the  subsonic  flow  of  the  mixture  is  less  than  the  total  pressure 
of  the  ejectP-J  gas  (PcQ3^P|-0h  <  D  •  In  the  studied  case  the 
flow  pattern  shown  in  Pig.  17  develops  in  the  Initial  part 
of  the  mixing  chamber. 

Analysis  of  the  calculation  materials  Indicate  that  the 

supersonic  flow  of  the  mixture  at  the  outlet  from  the  mixing 

2 

chamber  at  values  of  prQH  which  are  equal  to  3  and  H  kgf/cm  is 
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not  possible  at  any  values  of  the  ejection  coefficient,  since 
this  would  contradict  the  second  law  of  thermodynamics.  Actually, 
in  the  range  of  variation  of  the  ejection  coefficient  from  zero 
to  the  value  which  corresponds  to  point  e  (see  Pig.  18  and 
Table  1)  the  effective  work  of  gas  compression  is  accomplished 
under  a  negative  energy  expenditure,  which  is  absurd  (the  total 
pressure  of  the  mixture  in  these  regimes  exceeds  the  total  pressure 
of  the  ejected  liquid,  and  thus  efficiency  is  less  than  zero). 

In  the  range  of  variation  in  the  ejection  coefficient  from  values 
corresponding  to  points  e,  to  values  corresponding  to  points  c 
(in  Pig.  18),  the  advent  of  a  supersonic  flow  of  the  mixture  is 
also  impossible,  since  although  Pc03  <  Pw0h»  the  effecfcive  work 
of  gas  compression  exceeds  the  expended  energy  (n”  >  1).  Finally, 

in  the  range  of  change  of  the  ejection  coefficient  from  values  which 
correspond  to  points  c  (see  Pig.  21)  to  values  of  K  =  K^,  where 
the  work  expended  is  less  than  effective  work  (n*  <  1),'  the 

supersonic  flow  of  the  mixture  cannot  be  realized,  since  it  can 
only  develop  as  a  result  of  an  expansion  shock,  where  the 
entropy  of  the  mixture  decreases  as  it  passes  through  the  shock. 


Thus,  at  values  of  Pr0H  which  exceed  the  value  of  the 
corresponding  case,  where  in  regime  Wpl  *  the  velocity  of  the 
mixture  is  equal  to  the  speed  of  sound  a^  (in  the  studied 
example  this  value  of  pp0H  is  equal  to  1.3  kgf/cm2),  the  flow  of 
the  mixture  cannot  be  supersonic.  In  this  case  the  cut-off  regime 
of  the  ejector  is  the  cut-off  regime  of  the  mixing  chamber. 


Now  let  us  examine  dependences  rj  (K)  for  the  total-pressure 
values  of  the  ejected  gas  pr0H  *  1.0}  0.3  and  0.1  kgf/cm  (see 
Pig.  22  and  Table  1). 

We  see  that  with  an  increase  in  the  ejection  coefficient 
from  zero  to  quantity  n”3  increases  steadily.  The  subsonic 
flow  of  the  mixture,  according  to  the  second  law  of  thermodynamics, 
is  possible  only  in  a  range  of  ejection  coefficient  variation  from 
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zero  to  values  corresponding  to  points  c,  at  which  quantity  nn„ 
becomes  equal  to  unity.  The  work  of  the  ejector  at  greater 
values  of  the  ejection  coefficient  in  the  case  of  a  subsonic 
flow  of  the  mixture  is  impossible,  since  in  these  regimes  nJJ3  >  1, 

A  subsonic  flow  of  the  mixture  when  Pr0H  =  1.0,  0.3,  and  0.1 
kgf/cm2,  as  follows  from  Pig,  22  and  Table  1,  is  theoretically 
possible  only  in  regimes  in  which  to'  =  W-  (n*  =  1,  points  b). 

When  W_,  /  W  ,  a  supersonic  flow  is  impossible  in  view  of  the  fact 
that  the  efficiency  of  the  ejector  exceeds  unity,  while  the 
entropy  of  the  mixture  is  less  than  the  sum  of  entropies  of  the 
gas  and  the  liquid  at  the  ejector  inlet.  Thus,  it  follows,  that 
for  a  change  in  counterpressure  from  the  value  corresponding  to 
the  zero  flow  rate  of  ejected  gas  (K  *  0)  to  the  value  which 
corresponds  to  the  regime  in  which  Wrl  *  Wwl,  the  flow  at  the 
outlet  from  the  mixing  chamber  can  be  only  subsonic  [segments  of 
curves  nJ3(K)  and  W"  (K),  lying  to  the  left  of  points  d  in 
Pigs.  19,  20  and  22].  * 

The  static  pressure  of  the  mixture  p^  in  these  regimes 
(unlike  the  case  where  pr(jH  *  3  and  4  kgf/cm2)  substantially 
exceeds  the  static  pressure  at  the  mixing  chamber  inlet.  Thus, 
for  example,  when  pr0H  *  0.1  kgf/cm2  and  Apl  =  0.01  the  ratio 
of  static  pressures  Pc3/Prl  is  equal  to  18.4,  but  when  Arl  ■  0.1 
(regime  Wpl  =  this  ratio  is  equal  to  17.4.  This  can  be 

explained  by  the  fact  that  in  the  studied  regimes  in  the  mixing 
chamber  at  the  bou  idary  of  the  stream  there  develops  an  increasingly 
extensive  supersonic  region  in  the  two-phase  flow  (see  Fig.  15), 
which  is  transformed  into  a  subsonic  flow  in  the  shocks. 

When  regime  to'rl  «  Ww«  =  W^  is  reached  the  flow  in  the 
outlet  part  of  the  mixing  chamber  becomes  completely  supersonic 
(points  b  in  Pigs.  19  and  20)  and  the  transition  to  the  subsonic 
region  of  the  flow  is  accomplished  in  the  plane  shock  (points  d 
in  the  same  xigures),  it  is  obvious  that  with  a  decrease  in 


counterpressure  as  compared  to  counterpressure  corresponding  to 
the  regime  in  which  velocities  Wr^  and  Wwl  become  identical, 
disturbances  no  longer  penetrate  the  mixing  chamber  and  the 
ejection  coefficient  does  not  change.  The  ejector  in  this  case 
operates  in  a  cut-off  regime,  which  in  the  studied  case  is  the 
critical  regime. 

The  distinguishing  feature  of  this  critical  regime,  as  already 
mentioned,  is  the  fact  that  it  develops  at  subsonic  velocities 
of  the  gas  and  liquid  streams  at  the  inlet  to  the  mixing  chamber 
as  a  result  of  a  drastic  decrease  in  the  speed  of  sound  in  the 
formation  of  the  two-phase  mixture. 

Thus,  the  condition  for  realizing  the  studied  critical 
regime  when  Tr0H  *  H  in  a  case  where  the  liquid  does  not 
contain  dissolved  gases  and  where  saturation  pressure  is  consider¬ 
ably  lower  than  the  pressure  of  the  ejected  gas,  is  the  equality 
of  the  velocities  of  the  gas  and  liquid  streams  in  the  inlet 
section  of  the  mixing  chambers 


(5.1) 


Condition  (5.1)  when  TrQH  *  Tw  H  gives  us 
attainable  value  for  the  ejection  coefficient: 


the  ultimate 


K  q  Trl  T—  2 Eli.  _ aPrOlvf mP  (?-rl) 

7*i  7*1  V *  7*l^r^ * 


(5.2) 


This  condition  can  be  used  in  qualitative  analysis  of  the 
characteristics  of  a  vacuum  liquid-gas  ejector  and  in  estimating 
its  effectiveness.  In  calculations  of  the  critical  regimes  of 
actual  ejectors  it  should  be  kept  in  mind  that  since  the  process 
of  breaking  the  liquid  streams  into  drops  is  incomplete,  and 
due  to  the  effect  of  friction  losses  against  the  walls  of  the 
mixing  chamber  and  the  peculiarities  of  the  flow  In  the  near-wall 
regions  (particularly  separation  of  the  liquid  on  the  walls  and 
the  development  of  reverse  current),  which  are  not  considered  in 
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the  theory,  the  ratio  of  velocities  Wrl/Ww^  will  be  less  than 
unity.  For  this  reason  relationship  (5 .2)  can  be  written  as 


K,=*4 a 


(5.3) 


where  quantity 


W*\ 


(5.M) 


depends  on  the  physical  properties  and  the  state  parameters  of 
the  liquid  and  the  gas,  the  number  and  configuration  of  nozzles, 
and  on  the  geometrical  parameter  of  the  ejector  a.  This  quantity 
is  determined  experimentally. 


5.3.  Vacuum  Liquid-Gas  Ejector 
with  Supersonic  Diffuser 


The  calculations  which  have  been  performed  (see  Table  1)  showed 
that  when  the  gas  which  is  drawn  in  has  total-pressure  values  which 
are  less  than  a  certain  quantity  the  actual  operational  regime 
of  a  liquid-gas  ejector  with  a  cylindrical  mixing  chamber  and  an 
expanding  diffuser  is  the  limiting  critical  regime.  In  this 
regime,  which  is  characteristic  of  a  vacuum  liquid-gas  ejector, 
a  supersonic  flow  of  the  two-phase  mixture  develops  in  the  outlet 
section  of  the  mixing  chamber.  This  is  transformed  into  a 
subsonic  flow  in  the  plane  shock j  in  this  regime  the  flow  of  the 
mixture  for  the  entire  length  of  the  expanding  diffuser  i3  super¬ 
sonic. 


The  dependences  of  number  and  the  pressure  recovery 
coefficient  vn^c  *  Pc03/Pc03  in  the  Plane  shock,  located  in  the 
outlet  section  of  the  mixing  chamber,  on  total  pressure  of  the 
ejected  gas,  plotted  from  the  results  of  calculating  the  parameters 


of  the  mixture  for  a  *  3*3,  p 

M 

are  shown  in  Fig.  23.  . 


5  kgf/cm  j  T 


Tr0H  -  288°K 
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Pigj  23.  Number  M»0  and  coefficient 

o3 

of  pressure  recovery  vntC  =  P^q 3^003 

in  plane  shock  as  a  function  of  total 
pressure  of  ejected  gas,  2 
Designation*  hV/cm^  *  kgf/cm  . 


Prtv  xi/CH* 


If  we  examine  Fig.  23,  we  see  that  with  a  decrease  in  the 
total  pressure  of  the  ejected  gas  number  of  the  supersonic 
flow  of  the  mixture  in  front  of  the  plane  shock  rises  steadily, 
while  the  coefficient  of  pressure  recovery  in  the  shock  decreases 

p 

accordingly.  In  a  variation  range  of  pr0M  from  1  to  0.5  kgf/cm 
quantity  rises  slightly  (from  1.2  to  1.7),  and  thus  losses 
in  the  plane  shock  are  relatively  low.  With  a  further  increase 
In  the  pressure  of  the  ejected  gas  quantity  M*3  rises  sharply, 
reaching  a  value  of  M£3  «  7.7  at  pr()H  =  0.03  kgf/cm2,  The 
coefficient  of  pressure  recovery  in  the  plane  shock  decreases  in 


this  case  to  v 


0.46. 


The  values  of  p£0g  and  n^3  for  the  limiting  critical 
regime,  shown  in  Table  1,  correspond  to  deceleration  of  the 
supersonic  flow  of  the  mixture  in  an  ideal  supersonic  diffuser 
of  the  reverse  Laval  nozzle  variety.  If  we  compare  these  quantities 
to  PqQ3  and  we  **ind  that  total-pressure  losses  in  the  plane 
shock  at  low  pressure  values  of  the  gac  which  is  drawn  in  result 
In  a  substantial  deterioration  of  the  efficiency  of  the  vacuum 
liquid-gas  ejector.  Thus,  when  pr0H  *  0.1  kgf/cm2  (K3  =  O.39  x 
x  10**3)  the  efficiency  of  the  ejector,  when  the  expanding 

diffuser  is  replaced  by  an  ideal  supersonic  diffuser,  rises  from 
0,3**  to  1,0,  while  total  pressure  of  the  mixture  increases  from 
2.0687  to  3.8023  kgf/cm2.  Thus,  it  follows  that  one  of  the  basic 


. . . . . 


means  of  increasing  the  efficiency  of  a  vacuum  liquid-gas  ejector 
at  low  pressure  values  for  the  gas  which  is  drawn  in  is  to 
decrease  losses  which  develop  during  deceleration  of  the  supersonic 
flow  of  the  two-phase  mixture.  This  can  be  achieved  by  replacing 
the  expanding  diffuser  by  a  supersonic  diffuser  which  has  a 
throat , 


i 


Figure  24  shows  the  scheme  of  the  vacuum  liquid-gas  ejector 

with  a  supersonic  diffuser.  When  such  an  ejector  is  operating  in 

a  rated  regime  the  flow  of  the  mixture  in  the  outlet  part  of 

the  mixing  chamber  will  be  supersonic  (M^  *  >  D*  *n 

convergent  part  of  the  diffuser  a  system  of  angle  shocks  develop 

in  which  the  velocity  of  the  supersonic  flow  of  the  two-phase 

mixture  decreases  from  M'0  to  H'  „  >  1.  The  transition  into  the 

c3  c.r 

supersonic  region  of  the  flow  occurs  in  the  plane  shock,  located 
in  the  throat  of  the  diffuser.  In  the  divergent  part  of  the 
diffuser  there  occurs  a  deceleration  of  the  subsonic  flow  of  the 
mixture. 


Fig.  24.  Scheme  of  vacuum  liquid-gas  ejector 
with  supersonic  diffuser. 

KEY:  (1)  Gas;  (2)  Liquid;  (3)  Angle  shocks; 

(4)  Plane  shock;  (5)  Mixing  chamber;  (6)  Super¬ 
sonic  diffuser;  (7)  Throat. 


The  total  pressure  of  the  subsonic  flow  of  the  mixture 
^c04(cb./i)  at  the  outlet  from  a  supersonic  diffuser  operating  in 
a  rated  regime  can  be  represented  in  the  form  of 

^cW(ci.*)~^e£8Vr’,3'r*,r’V<,r'.  (5.5) 
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where 


V,s  =*p,e0r.lptlil  Vr»,r' »  p'ff-ft  I  Petr'  ~vO'c.r')'  v«.*“ =  P&/P*Oe' - 


are  the  coefficients  of  pressure  recovery  in  the  convergent  part 
of  the  supersonic  diffuser,  in  the  plane  shock  developing  in  the 
throat,  and  in  the  divergent  part  of  the  diffuser  for  a  subsonic 
flow,  respectively, 


Analysis  of  (5.5)  shows  that  at  assigned  values  for  the 
relative  area  of  the  cross  section  of  the  throat  f .  *  f  /p,  as 
well  as  the  parameters  of  state  and  reduced  velocity  of  the 
supersonic  flow  of  the  mixture  at  the  outlet  from  the  mixing 
chamber,  product  vr ,  r,)  in  the  variation  range  of  value 

vr»,3*  which  is  of  Practical  interest  to  us,  is  only  very  slightly 
dependent  on  this  value,  This  can  be  explained  by  the  fact  that 
with  a  decrease  in  value  ^  the  velocity  of  the  supersonic 
flow  of  the  mixture  in  the  throat  of  the  diffuser  and,  consequently, 
losses  in  the  plane  shock. 

Thus,  to  simplify  calculations  we  can  assume,  with  a  degree 
of  accuracy  sufficient  for  practical  purposes,  that  the  deceleration 
of  the  supersonic  flow  in  the  convergent  part  of  the  diffuser  occurs 
without  total-pressure  losses.  Relationship  (5.5)  is  in  this  case 
written  as 


^e04  («».*>  Pet 9vC'e.r')'<,r*’  (5.6) 

The  total  pressure  of  the  mixture  at  the  outlet  from  the 
ejector  in  the  case  of  an  expanding  (subsonic)  diffuser  can, 
according  to  the  discussion  above,  be  represented  in  the  form  of 


PcM  (Ka)  V4'3’  (5.7) 

where  vd^)  is  the  coefficient  of  pressure  recovery  in  the  plane 
shock,  located  in  the  outlet  section  of  the  mixing  chamber. 


Ill 


In  expressions  (5.6)  and  (5.7)  we  ■  , 

PcO(et.M)  v(Xc.r')v4.r*  ,  v  (Xt.r‘) 

P cO  (jtoss*  x)  v(Xcj)vO  v(Ks) 


(5.8) 


From  this  it  follows  that  when  a  vacuum  liquid-gas  ejector 
is  working  in  the  most  advantageous  limiting  critical  regime, 
replacement  of  the  expanding  subsonic  diffuser  by  a, supersonic 
diffuser  with  a  throat  will  result  in  an  increase  in  total 
pressure  of  the  subsonic  flow  of  the  mixture,  other  conditions 
being  equal,  by  a  number  of  times  which  is  approximately  equal 
to  the  ratio  of  pressure  recovery  coefficient  in  the  direct  shocks, 
located  in  the  throat  of  the  supersonic  nozzle  and  in  the  outlet 
section  of  the  mixing  chamber,  respectively. 

Obviously  the  lower  the  relative  area  of  the  cross  section  in 
the  throat  of  the  supersonic  diffuser,  the  greater  will  be  the 
advantage  gained  by  using  it,  In  the  case  of  an  unregulated 
supersonic  diffuser,  which  can  be  brought  to  the  rated  regime 
by  simply  changing  counterpressure,  the  minimal  value  of  the 
relative  area  of  the  throat  fp  min  can  be  found  from  the  condition 
that  in  the  presence  of  a  plane  shock  in  the  outlet  section  of 
the  mixing  chamber  the  velocity  of  the  mixture  in  the  throat  is 
equal  to  the  critical  speed  of  sound.  Quantity  f_  m^n  is 
calculated  as  follows: 

1)  using  the  ejection  equation  system  for  the  limiting 
critical  regime  we  find  quantities  pjl03»  Tc03*  K*  Rc*  =  Gc'F* 

and  pc03’  Wc3»  yc3j 

2)  if  we  consider  that  the  flow  of  the  mixture  in  the  case 
of  a  vacuum  liquid-gas  ejector  can  be  regarded  as  approximately 
isothermic  and,  if  we  assume  that  there  are  no  losses  in  the 
convergent,  part  of  the  diffuser  in  the  subsonic  flow,  then  from 
equation  (1.51)  we  determine  the  critical  speed  of  sound  ac  H  =  W  ( 
from  the  quantities  p»Q3,  T^,  K,  Rc  which  have  been  found* 
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3)  from  expressions  (1,45)  and  (1.43)  we- calculate  quantities 
^c.h  “  ^c.r*  ^c.k  “  ^c,r> 

4 )  from  formula 


ftn\n~ 'QJVc-iflc.it  (5.9) 

we  find  the  sought  value  of  the  minimal  relative  area  of  the  throat 
of  the  unregulated  supersonic  diffuser, 

After  determining  fp  ln  we  can  find  the  total  pressure  of 
the  mixture  at  the  outlet  from  an  ejector  working  in  the  limiting 
critical  regime,  when  the  plane  shock  is  located  in  the  throat 
of  the  diffuser. 


1.  If  we  assume  that  p£0r  *  Pc03  ^see  above)»  then  from 
equation 


57  ho^; 


Ac., 


1) 


=*ln4o,+ 


AcOr 


7*(«  +  » 


(5.10) 


we  determine  the  static  pressure  p'  _  of  the  supersonic  flow  of 
the  mixture  in  the  throat  of  the  diffuser,  and  then  from 
equations  (1.43)  and  (1.45)  -  quantities  y ’  .  a* 

2.  According  to  formula  W*  *  G_/y»  _f  .  we  calculate 

c*r  c  c*rr  nun 

the  velocity  of  the  supersonic  flow  of  the  mixture  in  the  throat 

and  number  M!  _  *  W*  „/aZ 

c .  r  Cl.  c.r 

3.  Using  relationship  (1.65),  (1.66),  (1.67)  and  (1.68)  we 
find  quantities  M”  t  p*  ,  y"  ,  a”  ,  and  W”  ,  which  correspond 
to  the  subsonic  flow  of  the  mixture  in  the  throat  behind  the  plane 
shock. 
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T,v,om  equation  (1.5Q)  we  determine  the  tota]  pressure 
of  the  subsonic  flow  of  the  mixture  in  the  outlet  section  of 
the  throat  and  the  total  pressure  of  the  mixture  at  the  outlet 
from  the  ejector  Po0ll(cBtfl)  *  P"or<‘vH ,r" • 

Total  pressure  of  a  mixture  at  the  outlet  from  a  vacuum- 
liquid  gas  ejector  with  an  unregulated  supersonic  diffuser  when 
fp  =  fp  min»  as  indicated  by  the  calculation  and  the  experiment 
(see  [8]),  substantially  (1.5-2  times)  exceeds  the  total  pressure 
of  the  mixture  at  the  outlet  from  the  same  ejector  with  an 
expanding,  diffuser. 

5.4.  Lstimating  Value,  of  Total  Pressure 
of  Mixture  in  the  Case  of  a  Vaccum 
Liquid-Gas  Ejector  with  Expanding 
Diffuser 


__  The  calculations  indicated  that  at  assigned  values  of 

a*  pwOh‘  Tw.h  and  TrOH  the  fcotal  pressure  of  the  subsonic 
flow  of  the  mixture  p”03  in  the  outlet  section  of  the  mixing 
chamber  of  a  vacuum  liquid-gas  ejector  working  in  a  limiting 
critical  regime  changes  only  slightly  with  a  change  in  the 
ejection  coefficient  and,  consequently,  total  pressure  of  the 
ejected  gas.  For  this  reason  it  is  possible  to  estimate  the 
total  pressure  of  a  mixture  in  a  vacuum  liquid-gas  ejector 
according  to  the  Borda-Carnot  formula  for  a  flow  of  an  incompress¬ 
ible  liquid  in  a  region  of  sudden  tube  expansion. 


If  we 

expression 

assume  that  K  *  0, 
(2.3) ,  then  we  get 

P1  *  pwl  = 

Ps  n*  ' 

PcOS  ~  V*l  *P*tO*  [l  —  ^ 

1  Pstt  ) 

/«**  \*1 

v*t»  PaO*  ' 

la-H  J  J 

(5.11) 


The  total  pressure  of  the  mixture  at  the  outlet  from  the 
ejector  can  be  found  from  formula 


h  _ (\ 

Ps*  > 

(a  zlyi 

V  v 

v»:tfA*0x  / 

\u  +  !  J  J 

(5.12) 
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